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SUMMARY 
Aim of the study: Parkinson's disease (PD) is a chronic, progressive and untreatable 
syndrome, caused by degeneration of the dopaminergic nervous system. The available 
treatment of PD is symptomatic. The gold standards are levodopa and dopamine agonists. 
Dopaminergic treatment is effective, but often causes various motor and non-motor adverse 
events. Genetic variability in dopaminergic pathway and pathways affecting development and 
progression of the disease may contribute to the occurrence of the adverse events as well as 
their time to occurrence. With this study we wanted to evaluate and determine the role of 
selected genetic factors in the occurrence of these adverse events. Additionally, we wanted to 
construct clinical and clinical-pharmacogenetic models for prediction of the motor 
complications. 
Hypothesis: Genetic variability in the dopaminergic pathway and the pathways of 
neuroinflammation; oxidative stress; neuron development, proliferation, differentiation; and 
apoptosis influences the occurrence and/or time to occurrence of adverse events in 
dopaminergic treatment of PD. Clinical-pharmacogenetic models can help us to evaluate the 
simultaneous influence of certain genetic polymorphisms and clinical factors on the 
occurrence and/or time to occurrence of adverse events of dopaminergic treatment in PD. 
Methods: In total, 231 PD patients receiving dopaminergic treatment were enrolled in this 
study. Their clinical data were collected from structured interviews with patients and from the 
medical records. We used polymerase chain reaction based approach (Taqman and Kaspar 
assays) to genotype 37 polymorphisms of genes in dopaminergic pathway (COMT, MAOB, 
DDC, SLC6A3, SLC22A1, DRD2, DRD3, SLC18A2, SLC7A5, SV2C), and genes related to 
neuroinflammation (NLRP3, CARD8, IL1β, IL6, TNF), oxidative stress (SOD2, CAT, GPX1, 
NOS1), neurodevelopment and neuroprotection (BDNF, NOTCH4, NRG1), and apoptosis 
(BIRC5). 
Results: We have shown that genetic variability in dopaminergic pathway (COMT, DRD3, 
DDC, and SLC22A1) influences the occurrence of visual hallucinations, orthostatic 
hypotension, impulse control disorders, and dyskinesia. Furthermore, we have identified a 
significant association of the CAT rs1001179 polymorphism with peripheral oedema. We 
have also identified nominally significant associations of the of NOS1 rs2682826 and SOD2 
rs4880 with excessive daytime sleepiness and sleep attacks, nausea/vomiting, and impulse 
control disorders. Finally, we have constructed clinical and clinical-pharmacogenetic models 
for the prediction of time to occurrence of motor complications after the initiation of levodopa 
treatment with the penalized regression method. We have shown that several clinical 
parameters and genetic polymorphisms may simultaneously influence the time to occurrence 
of motor complications. However, no clinically important differences in the prediction 
capacities between the two types of models were observed.  
Conclusion: Our study presents an original scientific contribution to the knowledge about the 
influence of genetic variability in selected pathways on the occurrence and also time to 
occurrence of adverse events of dopaminergic treatment in PD. This is the first study of 
genetic variability of the neuroinflammation, oxidative stress, neurodevelopment and 
neuroprotection as well as apoptosis pathways in this context. We were also the first to use 
methods of machine learning for the construction of clinical and clinical-pharmacogenetic 
models for the prediction of motor complications in PD, as well. The constructed predictive 
models present the basis for the personalization of the dopaminergic treatment in PD patients.
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POVZETEK 
Namen študije: Parkinsonova bolezen (PB) je kronična, napredujoča in neozdravljiva 
bolezen, ki jo povzroči propad dopaminergičnih nevronov. Zdravljenje PB je simptomatsko. 
Zlati standard zdravljenja so levodopa in agonisti dopamina. Dopaminergično zdravljenje je 
učinkovito, a pogosto povzroča različne motorične in nemotorične neželene učinke. Genetska 
variabilnost dopaminergične poti in poti, ki vplivajo na pojav in potek bolezni, verjetno 
prispeva k pojavu neželenih učinkov in tudi k času do pojava neželenih učinkov. S to študijo 
smo želeli ovrednotiti in določiti vlogo izbranih genetskih dejavnikov pri pojavu neželenih 
učinkov. Želeli smo tudi oblikovati klinične in klinično-farmakogenetske modele za napoved 
motoričnih komplikacij. 
Hipoteze: Genetska variabilnost dopaminergične poti in poti vnetja; oksidativnega stresa; 
razvoja, proliferacije in diferenciacije nevronov; ter apoptoze vpliva na pojav in/ali čas do 
pojava neželenih učinkov dopaminergičnega zdravljenja PB. Klinično-farmakogenetski 
modeli nam lahko pomagajo pri ovrednotenju sočasnega vpliva izbranih genetskih in kliničnih 
dejavnikov na pojav in/ali čas do pojava neželenih učinkov dopaminergičnega zdravljenja PB.  
Metode: V študijo je bilo vključenih 231 bolnikov s PB, ki so prejemali dopaminergična 
zdravila. Klinične podatke smo zbrali v pogovorih z bolniki in s pomočjo klinične 
dokumentacije. Z metodami verižne reakcije s polimerazo (Taqman in Kaspar testi) smo 
genotipizirali 37 polimorfizmov genov dopaminergične poti (COMT, MAOB, DDC, SLC6A3, 
SLC22A1, DRD2, DRD3, SLC18A2, SLC7A5, SV2C) in genov poti vnetja (NLRP3, CARD8, 
IL1β, IL6, TNF), oksidativnega stresa (SOD2, CAT, GPX1, NOS1), nevrorazvoja (BDNF, 
NOTCH4, NRG1) in apoptoze (BIRC5). 
Rezultati: Pokazali smo, da genetska variabilnost dopaminergične poti (COMT, DRD3, DDC, 
and SLC22A1) vpliva na pojav vidnih halucinacij, ortostatske hipotenzije, motenj kontrole 
impulzov in diskinezij. Ugotovili smo statistično značilno povezavo polimorfizma CAT 
rs1001179 s pojavom perifernih edemov. Identificirali smo tudi mejno signifikantne povezave 
NOS1 rs2682826 in SOD2 rs4880 s prekomerno dnevno zaspanostjo in napadi spanja, 
slabostjo/bruhanjem in motnjo kontrole impulzov. Z metodami penalizirane regresije smo 
oblikovali klinične in klinično-farmakogenetske modele za napoved časa do pojava 
motoričnih komplikacij po začetku zdravljenja z levodopo. Pokazali smo, da nekateri klinični 
in genetski dejavniki sočasno vplivajo na čas do pojava motoričnih komplikacij, vendar pa 
nismo opazili nobene klinično pomembne razlike v napovednih vrednostih med obema tipoma 
modelov. 
Zaključki: Rezultati naše raziskave originalno prispevajo k znanju o vplivu genetske 
variabilnosti izbranih bioloških poti na pojav in čas do pojava neželenih učinkov 
dopaminergičnega zdravljenja PB. Vpliv genetske variabilnosti poti vnetja, oksidativnega 
stresa, nevrorazvoja in apoptoze je bil v tem kontekstu prvič preučevan. Za oblikovanje 
kliničnih in klinično-farmakogenetskih modelov za napoved motoričnih komplikacij pri PB 
smo prvič uporabili metode strojnega učenja. Oblikovani napovedni modeli predstavljajo 
temelje za personalizacijo dopaminergičnega zdravljenja bolnikov s PB. 




Parkinsonova bolezen (PB) je druga najbolj pogosta nevrodegenerativna bolezen možganov. 
Njena glavna patofiziološka značilnost je propad dopaminergičnih nevronov nigrostriatne 
poti, ki se kaže z motnjo gibanja. Osnovni princip zdravljenja je nadomeščanje dopamina. 
Najpogosteje predpisana zdravila so levodopa in agonisti dopamina. Zdravljenje je 
učinkovito, vendar pogosto povzroča motorične in nemotorične neželene učinke. 
Najpogosteje se pojavljajo motorična nihanja in diskinezije. Motorična nihanja so 
izmenjevanje faz dobrega in slabega motoričnega stanja. Diskinezije pa se kažejo kot nehoteni 
zgibki. Ti neželeni učinki se večinoma pojavljajo po nekaj letih zdravljenja z levodopo, 
redkeje že po nekaj mesecih. Nemotorični neželeni učinki, kot so prekomerna dnevna 
zaspanost in napadi spanja, vidne halucinacije, slabost/bruhanje, ortostatska hipotenzija, 
periferni edemi in motnja kontrole impulzov, pa se lahko pojavijo tako po zdravljenju z 
levodopo kot tudi po agonistih dopamina. Nekaj dejavnikov tveganja za pojav neželenih 
učinkov je že znanih. Kljub temu se pojava neželenih učinkov in časa do pojava le-teh ne da 
napovedati. Genetska variabilnost dopaminergične poti in poti, ki vplivajo na pojav in potek 
bolezni, bi lahko služila kot temelj za raziskovanje in identifikacijo farmakogenetskih 
označevalcev teh neželenih učinkov. 
Dopaminergična pot je najbolj okvarjena pot v patogenezi PB. Zaradi genetskih 
polimorfizmov v genih za presnovne encime (DDC, COMT, MAOB), prenašalce (SLC6A3, 
SLC18A2, SLC7A5, SLC22A1), receptorje (DRD1-5) in druge molekule (SV2C) se bolniki 
razlikujejo glede sposobnosti sinteze dopamina, njegovega prenosa, presnove in 
signaliziranja. Kar nekaj farmakogenetskih študij je raziskovalo in tudi pokazalo povezave 
med polimorfizmi posameznih nukleotidov zgoraj omenjenih genov in odgovorom na 
dopaminergično zdravljenje. 
Odgovor na dopaminergično zdravljenje bi lahko bil povezan tudi z genetsko variabilnostjo v 
poteh, ki vplivajo na nastanek in potek bolezni. Vnetje in oksidativni stres sta biološki poti, ki 
pomembno vplivata na razvoj PB. Posamezni polimorfizmi genov IL1β, TNF in IL6 so že bili 
povezani s tveganjem za PB. Genetska variabilnost in/ali aktivnost inflamasoma NALP3, 
glutation peroksidaze 1 (GPX1), katalaze (CAT), superoksid dismutaze 2 (SOD2) in NO 
sintaze (NOS1) sta že bili povezani s tveganjem za pojav PB. Prav tako sta s tveganjem 
povezani genetska variabilnost nevrorazvojne poti (BDNF, NOTCH4, NRG1) in poti apoptoze 
(BIRC5). 
Genetska variabilnost dopaminergične poti v povezavi z odgovorom na dopaminergično 
zdravljenje je bila že dobro preučena, vendar so študije običajno preiskovale le posamezne 
gene. Poti, ki vplivajo na razvoj in potek bolezni, bi prav tako lahko vplivale na odgovor na 
zdravljenje, vendar takšne študije do sedaj še niso bile objavljene. 
Namen in hipoteze 
Etiologija neželenih učinkov dopaminergičnega zdravljenja ni povsem jasna. Nekateri klinični 
in farmakogenetski dejavniki so že bili identificirani kot potencialni označevalci teh neželenih 
učinkov. Vendar pa celostna obravnava genetske variabilnosti (i) dopaminergične in (ii) 
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vnetne poti, (iii) poti oksidativnega stresa, (iv) razvoja, proliferacije in diferenciacije 
nevronov in (v) apoptoze še ni bila opravljena. Namen naše študije je bil s pristopom 
obravnave celotnih bioloških poti odkriti nove potencialne genetske označevalce neželenih 
učinkov dopaminergičnega zdravljenja. Želeli smo tudi oblikovati klinične in klinično-
farmakogenetske modele za napoved časa do pojava motoričnih komplikacij po začetku 
zdravljenja z levodopo. 
V študiji smo preverili naslednje hipoteze: 
 Genetska variabilnost v poteh transporta, presnove in delovanja dopamina, levodope in 
drugih dopaminergičnih zdravil vpliva na pojav in/ali čas do pojava neželenih učinkov 
dopaminergičnega zdravljenja Parkinsonove bolezni. 
 Genetska variabilnost v različnih molekularnih poteh, ki lahko prispevajo k razvoju in 
poteku bolezni, lahko vpliva na pojav in/ali čas do pojava neželenih učinkov 
dopaminergičnega zdravljenja Parkinsonove bolezni. 
 S klinično farmakogenetskim modelom lahko ovrednotimo sočasen vpliv izbranih 
genetskih polimorfizmov in kliničnih dejavnikov na pojav neželenih učinkov 
dopaminergičnega zdravljenja Parkinsonove bolezni. 
Preiskovanci in metode 
Izvedli smo retrospektivno študijo, v katero smo vključili 231 bolnikov s PB na 
dopaminergičnem zdravljenju. Bolnike smo vključevali na Nevrološki kliniki Univerzitetnega 
kliničnega centra Ljubljana med oktobrom 2016 in aprilom 2018. Vključitveni kriteriji so bili 
naslednji: (i) diagnoza PB, (ii) dostopni klinični podatki in (iii) vsaj tri mesece trajajoče 
zdravljenje z levodopo in/ali dopaminskimi agonisti v času vključitve v študijo. Protokol 
študije je odobrila Komisija za medicinsko etiko Republike Slovenije (KME 42/05/16). V 
študijo so bili vključeni samo bolniki, ki so soglašali s sodelovanjem v študiji, in so ob 
vključitvi v študijo podpisali pristanek po predhodni poučitvi. 
Vsakemu bolniku so ob odvzemu krvi za druge laboratorijske preiskave odvzeli tudi vzorec 
periferne venske krvi za izolacijo DNA. Genotipizirali smo 37 polimorfizmov posameznih 
nukleotidov 23 genov iz petih različnih bioloških poti: (i) dopaminergična in (ii) vnetna pot, 
poti (iii) oksidativnega stresa, (iv) razvoja, proliferacije in diferenciacije nevronov in (v) 
apoptoze. 
Številske spremenljivke smo predstavili z mediano in intervalom med 25. in 75. percentilom. 
Za predstavitev porazdelitve kategoričnih spremenljivk smo uporabili frekvence. S χ2 testom 
smo preverili, če genotipi ustrezajo Hardy-Weinbergovemu ravnovesju. Z logistično regresijo 
smo preverili povezave med polimorfizmi in neželenimi učinki. Povezave med kliničnimi in 
genetskimi dejavniki ter preučevanimi spremenljivkami smo opisali z razmerjem obetov, 95 
% intervalom zaupanja in p vrednostjo. Kot referenco smo uporabili bolj pogosto zastopan 
alel. Coxov regresijski model sorazmernih tveganj smo uporabili pri ugotavljanju povezave 
med polimorfizmi in časom do pojava neželenih učinkov. Povezave med kliničnimi in 
genetskimi dejavniki ter časom do pojava neželenih učinkov smo opisali z razmerjem tveganj, 
95 % intervalom zaupanja in p vrednostjo. Za izdelavo modelov smo uporabili Coxovo 
regresijo z LASSO (ang. Least Absolute Shrinkage and Selection Operator) penalizacijo. 
Ocenili smo tudi napovedne vrednosti modelov s pomočjo površine pod krivuljo (AUC) 
časovno odvisne ROC (lastnost delovanja sprejemnika, ang. receiver operating 
characteristics) krivulje. Določili smo tudi senzitivnost in specifičnost modelov. V točki, kjer 
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je bila vsota senzitivnosti in specifičnosti najvišja, smo določili pražno vrednost za 
identifikacijo bolnikov s povišanim tveganjem za zgodnejši pojav neželenega učinka. 
Statistično analizo smo opravili s programskim paketom IBM SPSS (verzija 21.0) in v 
programskem okolju R. 
Rezultati 
V sklopu prve študije smo preučevali povezave med genetsko variabilnostjo dopaminergične 
poti in pojavom neželenih učinkov dopaminergičnega zdravljenja. Opazili smo nekaj 
pomembnih povezav, in sicer: vidne halucinacije so bile povezane z aleli COMT rs165815 C 
(OR=0,34; 95%CI=0,16-0,72; p=0,004), DRD3 rs6280 C (OR=1,88; 95%CI=1,00-3,54; 
p=0,049) in z genotipom DRD3 rs6280 CC (OR=3,31; 95%CI=1,37-8,03; p=0,008); 
ortostatska hipotenzija z alelom DDC rs921451 C (OR=1,86; 95%CI=1,07-3,23; p=0,028) in 
z genotipi DDC rs921451 CT (OR=2,30; 95%CI=1,26-4,20; p=0,007), DDC rs3837091 
AGAG- (OR=1,94; 95%CI=1,07-3,51; p=0,028) in SLC22A1 rs628031 AA (OR=2,57; 
95%CI=1,11-5,95; p=0,028); periferni edemi z genotipom SLC22A1 rs628031 AA (OR=4,00; 
95%CI=1,62-9.88; p=0,003); motnja kontrole impulzov z genotipom SLC22A1 rs628031 AA 
(OR=3,16; 95%CI=1,03-9,72; p=0,045); diskinezije z genotipom SLC22A1 rs628031 GA 
(OR=0,48; 95%CI=0,24-0,98; p=0,043) in z alelom SLC22A1 rs628031 A (OR=0,48; 
95%CI=0,25-0,92; p=0,027). 
Pri analizi genetske variabilnosti vnetne poti smo zaznali le eno povezavo, ki nakazuje 
statistično neznačilen trend, in sicer je bila ortostatska hipotenzija povezana z alelom IL1β 
rs1143623 C (OR=0,57; 95%CI=0,32-1,00, p=0,050) in z genotipom IL1β rs1143623 GC 
(OR=0,51; 95%CI=0,28-0,93, p=0,028). 
Genetska variabilnost poti oksidativnega stresa je prav tako pokazala nekaj pomembnih 
povezav s pojavom nekaterih neželenih učinkov dopaminergičnega zdravljenja, in sicer: med 
perifernimi edemi in alelom CAT rs1001179 A (OR=0,32; 95%CI=0,15-0,68, p=0,003) in 
genotipom CAT rs1001179 GA (OR=0,32; 95%CI=0,15-0,69, p=0,004); med prekomerno 
dnevno zaspanostjo in napadi spanja in alelom NOS1 rs2682826 A (OR=1,75; 95%CI=1,00-
3,06, p=0,048) in genotipom NOS1 rs2682826 AA (OR=3,75; 95%CI=1,23-11,45, p=0,020); 
med slabostjo/bruhanjem in alelom SOD2 rs4880 T (OR=0,49; 95%CI=0,25-0,94, p=0,031) 
in genotipom SOD2 rs4880 CT (OR=0,48, 95%CI=0,24-0,98, p=0,045); med motnjo kontrole 
impulzov in alelom NOS1 rs2682826 A (OR=2,59; 95%CI=1,09-6,19, p=0,032) in genotipom 
NOS1 rs2682826 GA (OR=2,74, 95%CI=1,13-6,64, p=0,025). 
Klinični in genetski dejavniki, ki so bili povezani s časom do pojava motoričnih komplikacij 
po začetku zdravljenja z levodopo, so bili sledeči: starost ob diagnozi (HR=0,97; 
95%CI=0,96-0,99; p<0,001), čas od diagnoze do začetka zdravljenja z levodopo (HR=1,36; 
95%CI=1,25-1,49; p<0,001), NOS1 rs2293054 (GG: Ref.; AA: HR=0,36; 95%CI=0,13-1,00; 
p=0,051), DRD2 rs1799732 (CC: Ref.; --: HR=8,89; 95%CI=1,19-66,18; p=0,033) in DRD3 
rs6280 (TT: Ref.; CC: HR=2,04; 95%CI=1,16-3,60; p=0,014). 
Klinični in genetski dejavniki, ki so bili povezani s časom do pojava diskinezij po začetku 
zdravljenja z levodopa, so bili sledeči: starost ob diagnozi (HR=0,96; 95%CI=0,95-0,98; 
p<0,001), zdravljenje z antagonisti adrenergičnih receptorjev beta (HR=0,60; 95%CI=0,36-
1,00; p=0,051), čas od diagnoze do začetka zdravljenja z levodopo (HR=1,23; 95%CI=1,11-
1,37, p<0,001), CAT rs1001179 (GG: Ref.; AA: HR=2,60; 95%CI=1,17-5,79; p=0,019), 
SOD2 rs4880 (CC: Ref.; TT: HR=0,54; 95%CI=0,30-0,98; p=0,043), SLC22A1 rs628031 
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(GG: Ref.; GA: HR=0,63; 95%CI=0,40-1,00; p=0,048; AA: HR=0,53; 95%CI=0,29-0,99; 
p=0,047), DRD2 rs1799732 (CC: Ref.; --: HR=8,66; 95%CI=1,16-64,86; p=0,036) in NRG1 
rs3735781 (AA: Ref.; GA: HR=0,65; 95%CI=0,41-1,99; p=0,051). 
Klinično-farmakogenetski model za napoved časa do pojava motoričnih nihanj je vseboval 
naslednje dejavnike: starost ob diagnozi (HR=0,99), čas od diagnoze do začetka zdravljenja z 
levodopo (HR=1,24), COMT rs165815 (HR=0,90), DRD3 rs6280 (HR=1,03) in BIRC5 
rs9904341 (HR=0,95). Oblikovali smo tudi ROC krivuljo za oceno napovedne vrednosti po 
petih letih zdravljenja (AUC=0,70, senzitivnost=52,2 %, specifičnost=82,3 %). Za primerjavo 
smo oblikovali tudi ROC krivuljo po petih letih zdravljenja za klinični model (AUC=0,68; 
senzitivnost=48,4 %, specifičnost=81,9 %). 
Klinično-farmakogenetski model za napoved časa do pojava diskinezij je vseboval naslednje 
dejavnike: ženski spol (HR=1,07), starost ob diagnozi (HR=0,97), tremorozna oblika PB 
(HR=0,88), zdravljenje z antagonisti adrenergičnih receptorjev beta (HR=0,95), uživanje 
alkohola (HR=0,99), čas od postavitve diagnoze do začetka zdravljenja z levodopo 
(HR=1,15), CAT rs1001179 (HR=1,27), SOD2 rs4880 (HR=0,95), NOS1 rs2293054 
(HR=0,99), COMT rs165815 (HR=0,92) in SLC22A1 rs628031 (HR=0,80). Oblikovali smo 
tudi ROC krivuljo za oceno napovedne vrednosti po petih letih zdravljenja (AUC=0,68, 
senzitivnost=54,1 %, specifičnost=66,1 %). Za primerjavo smo oblikovali tudi ROC krivuljo 
po petih letih zdravljenja za klinični model (AUC=0,71; senzitivnost=79,8 %, 
specifičnost=48,4 %). 
Razprava 
V študiji smo raziskali vpliv 34 polimorfizmov posameznih nukleotidov iz petih različnih 
bioloških poti in nekaterih kliničnih parametrov na pojav in/ali čas do pojava neželenih 
učinkov dopaminergičnega zdravljenja PB.  
Genetska variabilnost gena COMT se je izkazala za povezano z znižanim tveganjem za razvoj 
vidnih halucinacij. Ta polimorfizem v povezavi s tem fenotipom še ni bil preučevan. Je pa 
povezava z vidnimi halucinacijami že bila opisana pri polimorfizmu COMT rs4680. Genetska 
variabilnost gena DDC se je izkazala za povezano s povišanim tveganjem za pojav ortostatske 
hipotenzije. Oba polimorfizma, ki sta bila preučevana, znižata aktivnost encima, kar lahko 
privede do znižane koncentracije noradrenalina in posledične vazodilatacije. Ta mehanizem bi 
lahko prispeval k nastanku ortostatske hipotenzije ob dopaminergičnem zdravljenju. Nadalje 
se je SLC22A1 rs628031 izkazal za potencialnega genetskega označevalca različnih neželenih 
učinkov dopaminergičnega zdravljenja. Ugotovili smo, da je ta polimorfizem prenašalca 
levodope povezan s povišanim tveganjem za pojav ortostatske hipotenzije, perifernih edemov 
in motnje kontrole impulzov. Ta polimorfizem pa je tudi pomembno zmanjšal tveganje za 
pojav diskinezij. Glede na te rezultate lahko zaključimo, da ima polimorfizem SLC22A1 
rs628031 verjetno precej pomemben vpliv na splošno delovanje dopaminergičnih zdravil. 
Ugotovili smo tudi, da DRD3 rs6280 poveča tveganje za pojav vidnih halucinacij, kar lahko 
razložimo s tem, da ta polimorfizem vpliva na znotrajcelično signalizacijo preko povečanja 
vezavne afinitete receptorja DRD3. 
Naše preučevanje vnetnih poti je pokazalo le eno, sicer nesignifikantno, a vseeno zanimivo 
povezavo med IL1β rs1143623 in pojavom ortostatske hipotenzije. Nekaj študij je že 
preučevalo povezave med vnetjem in ortostatsko hipotenzijo, vendar je naša študija prva, ki je 
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pokazala povezanost z genetsko komponentno. Taisti polimorfizem pa se je tudi izkazal za 
pomembnega pri vplivu na tveganje za pojav PB. 
Polimorfizem CAT rs1001179 je bil statistično značilno povezan s pojavom perifernih 
edemov. Mehanizem nastanka perifernih edemov kot neželenega učinka dopaminergičnega 
zdravljenja še ni znan, vendar ta rezultat lahko nakazuje povezanost z oksidativnim stresom. 
Opazili smo tudi, da polimorfizem NOS1 rs2682826 vpliva na povišano tveganje za pojav 
prekomerne dnevne zaspanosti in napadov spanja in za pojav motnje kontrole impulzov. 
Genotip NOS1 se je že izkazal za povezanega s spalnim ciklom. Ta polimorfizem pa je tudi že 
bil povezan s pojavom različnih psihiatričnih motenj, kot sta depresija in anksioznost. SOD2 
rs4880 je v naši študiji zmanjšal tveganje za pojav slabosti/bruhanja. Nekatere študije so že 
pokazale povezanost oksidativnega stresa v enteričnem živčnem sistemu s pojavom 
gastrointestinalnih komplikacij. 
Oblikovali smo tudi klinične in klinično-farmakogenetske modele za napoved časa do pojava 
motoričnih komplikacij po začetku zdravljenja z levodopo. Ti modeli bi lahko služili za 
oblikovanje algoritmov za identifikacijo bolnikov s povišanim tveganjem za zgodnejši pojav 
motoričnih komplikacij. Izkazalo se je, da se klinični in klinični-farmakogenetski modeli po 
napovedni vrednosti med seboj klinično pomembno ne razlikujejo. Pri napovedi časa do 
pojava motoričnih komplikacij med obema modeloma ni bilo razlik v AUC, specifičnosti in 
senzitivnosti. Pri napovedi časa do pojava diskinezij pa se je izkazalo, da ima klinično-
farmakogenetski model višjo specifičnost v primerjavi s kliničnim modelom. To pomeni, da 
je verjetnost dejanskega pojava neželenega učinka v primeru pozitivnega rezultata višja pri 
klinično-farmakogenetskem modelu. V splošnem so modeli v večini primerov pravilno 
napovedali pojav neželenega učinka v prvih petih letih zdravljenja z levodopo. 
Zaključki 
Pokazali smo, da genetska variabilnost vpliva na pojav in čas do pojava neželenih učinkov 
dopaminergičnega zdravljenja. 
Potrdili oz. vsaj delno potrdili smo naslednje hipoteze: 
 Polimorfizmi posameznih nukleotidov v genih dopaminergične poti vplivajo na pojav 
nekaterih neželenih učinkov dopaminergičnega zdravljenja PB. 
 Polimorfizem vnetne poti IL1β rs1143623 je povezan s pojavom ortostatske 
hipotenzije kot neželenega učinka dopaminergične terapije PB, vendar ta povezava ni 
statistično pomembna. 
 Polimorfizmi posameznih nukleotidov v genih poti oksidativnega stresa vplivajo na 
pojav nekaterih nemotoričnih neželenih učinkov dopaminergičnega zdravljenja PB. 
 Klinično-farmakogenetski modeli omogočajo ovrednotenje sočasnega vpliva izbranih 
kliničnih in genetskih dejavnikov na čas do pojava motoričnih komplikacij po začetku 
zdravljenja z levodopo. 
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1 INTRODUCTION 
Parkinson’s disease (PD) is a complex neurological disease that affects 1 to 1.5% of people 
older than 65 years. At its core, PD is a neurodegenerative disease affecting particular basal 
ganglia, namely substantia nigra pars compacta (SNpc), and its dopamine producing neurons 
projecting to striatum. Dopamine deficiency in the nigrostriatal pathway mainly presents with 
motor symptoms. However, PD symptoms usually also encompass non-motor symptoms, 
which can precede the motor symptoms for more than a decade. A diagnosis of PD can only 
be confirmed when motor symptoms are already present, but it is known that the disease 
process starts much earlier. PD treatment is solely symptomatic as the lack of dopamine is 
being replaced by different dopaminergic drugs. Many adverse events (AEs) may occur 
during treatment. The cause of PD has not been established so far, but probably a complex 
interplay between genetic and environmental factors contributes to PD development. There is 
a great need of early diagnostic tools to detect the disease before motor symptoms occur and 
before neuron degeneration becomes too extensive. Early diagnosis would give us a window 
of opportunity to halt or reverse the neurodegenerative process with novel disease-modifying 
drugs, therefore novel strategies are being developed to enable early diagnosis (1). 
1.1 Clinical features of Parkinson’s disease 
PD usually presents with four main motor symptoms: bradykinesia, muscular rigidity, rest 
tremor, and postural and gait impairment. Bradykinesia accompanied with muscular rigidity 
and/or rest tremor must be present for diagnosis of parkinsonism. Postural and gait 
impairment usually develop later in the course of the disease. Akinesia is defined as slowness 
of movement and decrement in amplitude or speed as movements are continued. Rigidity is 
examined by the examiner manipulating the limbs and neck with slow passive movement of 
major joints when the patient is in relaxed position. Rigidity is defined as velocity-
independent resistance to passive movement not solely reflecting failure to relax. Rest tremor 
is defined as a 4 to 6 Hz tremor in the resting limb, which is suppressed during movement. 
Diagnosis of clinically established PD according to the MDS (Movement disorder society) 
Clinical Diagnostic Criteria for PD requires absence of absolute exclusion criteria. It also 
requires at least two supportive criteria (clear and beneficial response to dopaminergic 
therapy, presence of levodopa-induced dyskinesia, rest tremor of a limb, the presence of either 
olfactory loss, cardiac sympathetic denervation on metaiodobenzylguanidine scintigraphy), 
and no red flags, suggesting other neurodegenerative diseases, namely progressive 
supranuclear palsy, multiple system atrophy, and corticobasal degeneration, for example. 
However, full diagnostic certainty is not possible during life. In total, 75 to 95% of patients 
diagnosed with PD are confirmed to have PD after autopsy (2). 
PD presents differently among patients. It can be clinically stratified into three distinct 
subtypes, such as tremor-predominant PD, akinetic-rigid PD, and mixed or indeterminate PD. 
Tremor-predominant PD usually progresses more slowly and is accompanied by less motor 
complications (1, 3).  
It is known that PD starts much earlier before motor symptoms occur, thus PD should be 
divided in three stages. The first stage is preclinical PD, when the disease process has started 
already, but no symptoms are present. The second stage is prodromal PD, when symptoms 
and signs are present, but the diagnosis cannot be established yet. The third stage is clinical 
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PD, when the diagnosis can be established based on classical motor signs (4). The rate of 
progression from prodromal to clinical PD varies among patients, but in average patients 
progress in 12 to 14 years (1, 4). There are four main prodromal signs of PD, namely 
olfactory loss, rapid eye movement (REM) sleep behaviour disorder (RBD), constipation, and 
depression. Other prodromal signs are also excessive daytime somnolence, symptomatic 
hypotension, severe erectile dysfunction, and urinary dysfunction (1, 4, 5). There are also 
other non-motor PD features that affect PD patients, such as cognitive impairment, pain, and 
fatigue (1).  
It is crucial to find ways to establish early diagnosis, especially in the era of very intensive 
research in the field of disease-modifying and neuroprotective drugs. These drugs would be 
most effective if they could be prescribed in the preclinical or at least prodromal stage of PD. 
Several potential biomarkers for early diagnosis have already been suggested, such as clinical, 
imaging, biochemical, or genetic markers. It is however possible that a combination of several 
different biomarkers would be required for an accurate and early diagnosis (1, 6, 7). A model 
has been constructed for early diagnosis of PD in the preclinical stage evaluating genetic and 
clinical data simultaneously. The model included data on olfactory function, genetic risk, 
family history, age, and sex (8). Genetic risk score was conducted based on results of the 
meta-analysis of genome-wide association studies (GWAS) in PD (9). The model was 
validated on independent populations. The predictive capacity of the model was rather good 
as area under the curve (AUC) was 0.923 and sensitivity and specificity were 0.834 and 
0.903, respectively (8). 
Progression rate of the disease varies among patients. Resistant motor symptoms prevail in 
the late stages of PD treatment, such as postural instability, freezing of gait, falls, dysphagia, 
and speech dysfunction. Furthermore, also non-motor symptoms, such as urinary 
incontinence, constipation, postural hypotension, and dementia, occur and worsen (1). 
Clinical symptoms and time course of PD progression are presented in the Figure 1. 
 
 
Figure 1: Timeline of Parkinson’s disease progression. Clinical PD can be diagnosed when 
motor symptoms occur (time 0 years). However, clinical PD is usually preceded by the 
prodromal period that can last for more than a decade. Several non-motor symptoms are 
characteristic of this period. Additional motor and non-motor symptoms develop after 
diagnosis (1).  
RBD, REM sleep behaviour disorder; EDS, excessive daytime sleepiness; MCI, mild cognitive impairment. 
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1.2 Risk factors for development of Parkinson’s disease 
Risk of developing PD is multifactorial. There are several factors known to increase risk for 
development of PD, such as genetic and environmental. There is a great interplay between 
different types of risk factors contributing to such a complex disease development. Age is the 
greatest risk factor for PD development as the prevalence increases exponentially with age. It 
is known that males are more prone to PD development (1, 4). There were eleven 
environmental factors recognized as risk modifiers. Risk increasing factors are pesticide 
exposure, prior head injury, rural living, beta-blocker use, agricultural occupation, and well 
water drinking. Furthermore, factors decreasing risk of PD are tobacco smoking, coffee 
drinking, non-steroidal anti-inflammatory drug (NSAID) use, calcium channel blocker use, 
and alcohol consumption (1). The environmental risk factors are presented in the Figure 2.  
Genetic factors are also among important risk factors for PD development. The contribution 
of genetics to PD risk was suggested by the fact that positive family history increased chances 
for PD development. Several monogenic forms of PD were identified. Among the most 
important PD genes are α-synuclein (SNCA), leucine-rich repeat kinase 2 (LRRK2), and 
glucocerebrosidase (GBA). However, only a small portion of PD patients have monogenic PD. 
The majority of cases is idiopathic, which means that the exact cause is not known and 
probably many different factors contribute to the disease development. Results of the GWAS 
revealed a lot of genetic factors that may play a role in development of idiopathic PD. The 
loci that were identified as risk factors in the meta-analysis of the GWAS studies are 
presented in the Figure 2 (1, 9). We have summarized what is known about the function of 
these loci and their role in the PD pathogenesis in a recent review paper (10). The abstract of 
this review paper is presented in the Figure 3. 
 
 
Figure 2: Environmental and genetic risk factors contributing to development of idiopathic 
PD (1).  
ACMSD, aminocarboxymuconate semialdehyde decarboxylase; BCKDK, branched chain ketoacid 
dehydrogenase kinase; BST1, bone marrow stromal cell antigen-1; CCDC62, coiled-coil domain containing 
protein 62; DDRGK1, DDRGK domain containing protein 1; DGKQ, theta diacylglycerol kinase; FAM47E, 
family with sequence similarity 47 member E; FGF20, fibroblast growth factor 20; GAK, cyclin G-associated 
kinase; GBA, beta acid glucosidase; GCH1, GTP cyclohydrolase 1; GPNMB, glycoprotein NMB; HLA-DQB1, 
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major histocompatibility complex, class II, DQ beta 1; INPP5F, inositol polyphosphate-5-phosphatase F; 
LRRK2, leucine-rich repeat kinase 2; MAPT, microtubule-associated protein tau; MCCC1, methylcrotonyl-CoA 
carboxylase 1 (alpha); MIR4697, microRNA 4697; NSAID, nonsteroidal anti-inflammatory drugs; NUCKS1, 
nuclear casein kinase and cyclin-dependent kinase substrate 1; OR, odds ratio; RAB7L1, member RAS oncogene 
family-like 1; RAI1, retinoic acid induced 1; RIT2, ras-like without CAAX 2; SCARB2, scavenger receptor 
class B member 2; SIPA1L2, signal-induced proliferation-associated 1 like 2; SNCA, α-synuclein; STK39, 
serine threonine kinase 39; SREBF2, sterol regulatory element binding transcription factor 1; STX1B, syntaxin 
1B; TMEM163, transmembrane protein 163; TMEM175, transmembrane protein 175; VPS13C, vacuolar protein 
sorting 13 homolog C. 
 
 
Figure 3: Abstract of the review paper published in Frontiers in Aging Neuroscience in 2017 
(10). 
Genetic risk factors reveal the pathways that may contribute to development of PD. However, 
not only genetic factors but also other types of factors from other omics landscapes may point 
out defects from different pathways that may serve as biomarkers of PD pathogenic processes. 
We have summarized top signals from 13 omic layers: genomics–DNA level, transcriptomics, 
epigenomics, proteomics, ncRNomics, interactomics, metabolomics, glycomics, lipidomics, 
phenomics, environmental omics, pharmacogenomics, and integromics, to present an example 
of a comprehensive approach to revealing the underlying processes and risk factors of a 
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complex disease such as PD in a review paper (11). The abstract of this review paper is 
presented in the Figure 4. 
 
 
Figure 4: Abstract of the review paper published in OMICS A Journal of Integrative Biology 
in 2018 (11). 
1.3 Pathology of Parkinson’s disease 
The main pathological hallmark of PD is loss of dopaminergic neurons in the SNpc. The most 
profoundly affected neurons project from the ventrolateral tier of the SNpc to the dorsal 
putamen of the striatum in the subcortical basal ganglia (1). The loss of these neurons can be 
visualized by the neuromelanin magnetic resonance imaging, where the pigmented area of the 
SNpc is reduced or is not visible anymore due to the pathological process (12). Furthermore, 
nigral loss can also be observed by the positron emission tomography (PET) scans. 
Presynaptic dopaminergic terminal functionality can be investigated using PET by measuring 
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dopa decarboxylase (DDC) activity, dopamine transporter (DAT) activity, and vesicular 
monoamine transporter (VMAT2) density (13).  
Another hallmark of PD pathogenesis is Lewy pathology. Neurodegenerative diseases are 
often recognized as similar to prion diseases as a certain misfolded protein can abundantly be 
found in the central nervous system (CNS) and also in the periphery. α-synuclein, encoded by 
the SNCA, is misfolded within the PD pathology (1). The α-synuclein becomes insoluble in 
the misfolded state and thus forms aggregates that can be found in the neuron bodies (Lewy 
bodies). Aggregates called Lewy neurites are found in the axons and dendrites. Inclusions 
containing also other proteins, such as ubiquitin, neurofilament protein, and also tau proteins 
can be found as well. Lewy bodies and neurites can be detected in the CNS and in the 
periphery, for example in the vagus nerve, sympathetic ganglia, cardiac plexus, enteric 
nervous system, salivary glands, adrenal medulla, cutaneous nerves, and sciatic nerve (1). 
Lewy pathology progresses according to the Braak stages as presented in the Figure 5 (14). 
The stages correspond to clinical course of the disease. Stages 1 and 2 could correspond to the 
prodromal PD signs and symptoms, stages 3 and 4 could correspond to the onset of motor 
symptoms due to nigrostriatal dopaminergic deficiency, and finally stages 5 and 6 could 
correspond to the progression of the disease with many non-motor symptoms. 
 
 
Figure 5: The theorized progression of α-synuclein aggregation in PD according to Braak 
(14).  
Finally, neuroinflammation is an important feature of PD pathology as well. Chronically 
present neuroinflammation due to aggregates of α-synuclein is driven by activated microglia 
and astrocytes. The activated cells release reactive oxygen species (ROS), reactive nitrogen 
species (RNS), pro-inflammatory cytokines, and different trophic factors (1). It is still not 
clear whether neuroinflammation protects the brain tissue or contributes to its degeneration. 
1.4 Treatment, adverse events, and pharmacogenetics of Parkinson’s disease 
The main treatment strategy in PD is replacement of deficient dopamine in the nigrostriatal 
pathway and in other brain regions affected by the disease. The drugs increase dopamine 
concentration or stimulate dopamine receptors. Treatment is solely symptomatic and does not 
affect disease progression. The main goal of PD treatment is relieving the symptoms and 
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improving patients’ quality of life. The gold standard of PD treatment are precursor of 
dopamine levodopa and dopamine agonists. Furthermore, inhibitors of dopamine metabolism 
are also used, such as monoamine oxidase B (MAOB) inhibitors, catechol-O-
methyltransferase (COMT) inhibitors, and DDC inhibitors (1, 15). Several AEs may occur 
due to dopaminergic treatment, such as: motor fluctuations (MF), dyskinesia, excessive 
daytime sleepiness (EDS) and sleep attacks, visual hallucinations, nausea/vomiting, 
orthostatic hypotension, peripheral oedema, and impulse control disorders (ICDs). We have 
summarized the treatment strategy, AEs of dopaminergic treatment, and pharmacogenetic 
studies conducted so far in PD treatment in a book chapter presented in the section 1.4.1 (16). 
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1.4.1 Effects of genetic variability in dopaminergic pathway on treatment 
response in Parkinson’s disease 
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Povzetek 
Parkinsonova bolezen je kronična napredujoča bolezen možganov, ki se kaže z motoričnimi 
znaki in simptomi, kot so akinezija, tremor v mirovanju, rigidnost in kasneje v toku bolezni 
tudi težave z držo in hojo. Bolnikovo kakovost življenja nižajo tudi nemotorični simptomi, ki 
so včasih še bolj moteči kot motorični. Etiopatogeneza bolezni še ni povsem razjasnjena. 
Dejavniki tveganja za razvoj Parkinsonove bolezni zajemajo tako genetske kot tudi okoljske 
dejavnike. Bolezen zdravijo simptomatsko z dopaminergičnimi zdravili. Zlati standard 
zdravljenja je levodopa. Uporabljajo pa tudi druga zdravila, kot so agonisti dopamina, 
zaviralci monoaminooksidaze tipa B, zaviralci katehol-O-metil transferaze, občasno pa tudi 
amantadin in antiholinergike. Veliko bolnikov zaradi zdravljenja z levodopo doživi neželene 
učinke, kot so na primer različne motorične komplikacije. Med neželene učinke 
dopaminergičnega zdravljenja pa sodijo tudi različne nemotorične težave. Med bolniki prihaja 
tudi do razlik v učinkovitosti zdravljenja. Z odgovorom na zdravljenje Parkinsonove bolezni 
je že bilo povezanih kar nekaj polimorfnih genov, kot so geni za presnovne encime, 
prenašalce in receptorje. Ti geni bi lahko služili kot napovedni označevalci za odgovor na 
zdravljenje. Tudi interakcije med geni in okoljem so se izkazale kot pomembne za razvoj 
bolezni, zato bi lahko v prihodnosti pomagale tudi pri napovedi odgovora na zdravljenje. 
Takšni genetski označevalci bi lahko pripomogli k personalizirani obravnavi bolnikov s 
Parkinsonovo boleznijo in zmanjšali ali celo preprečili pojav neželenih učinkov in 
neučinkovitosti zdravil. 
Ključne besede: Parkinsonova bolezen, farmakogenetika, genetski polimorfizmi, 
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1.5 Neuroinflammation and oxidative stress pathways in Parkinson’s disease 
pathology 
Brain is recognized as immune privileged. However, both innate and adaptive immune 
responses can occur in the brain (17). Immune response may be protective at first, however it 
can become deleterious as chronic inflammation develops. α-synuclein misfolding and its 
consequential aggregation may activate microglia (18). Activated microglia trigger 
inflammation by release of pro-inflammatory cytokines (interleukin 1β (IL1β), tumor necrosis 
factor alpha (TNF), interleukin 6 (IL6)), ROS, RNS, chemokines, and complement proteins 
(17, 19). ROS and aggregated α-synuclein may act as damage-associated molecular patterns 
and may thus activate NALP3 (NACHT, LRR and PYD domains-containing protein 3) 
inflammasome, which is essential for IL1β excretion (20). It has been reported that activated 
microglia also induce dopaminergic neurons in SNpc to express major histocompatibility 
complex (MHC) class I proteins, which leaves them exposed to cytotoxic T cell-mediated 
death after antigen presentation within adaptive immune response (21, 22). The latter also 
indicates alterations in permeability of the blood-brain barrier (BBB) in PD pathology as T 
cells usually reside in the periphery (23). Pro-inflammatory cytokines released by microglia 
can also bind to cytokine receptors in the membrane of dopaminergic neurons, which 
activates NF-κB (nuclear factor kappa-light-chain-enhancer of activated B cells), and 
eventually leads to apoptosis (19). Death of dopaminergic neurons leaves cellular debris for 
microglia to clean up, causing further microglial activation (18). Several GWAS have already 
connected the human leukocyte antigen (HLA) region encoding MHC with PD susceptibility, 
supporting the idea of inflammation being a part of PD pathogenesis (9, 10, 24-27). 
Moreover, pathway analysis of GWAS data also revealed that genetic variability in genes 
regulating inflammation differentiates between patients and controls (28). Furthermore, levels 
of IL1β, TNF, IL6, among other cytokines, have been shown to be elevated in peripheral 
blood and cerebrospinal fluid of PD patients compared to controls (29-34). The scheme of the 
involvement of the mentioned genes in the neuroinflammation pathway is represented in the 
Figure 6. 
Inflammatory processes may contribute to the oxidative damage in the nigrostriatal pathway 
(23). There are three main processes producing ROS in PD (35). First, dopamine metabolism 
within the dopaminergic neurons itself is a source of ROS. Dopamine that is not sequestered 
in intracellular vesicles, which happens especially when there is excess amount of dopamine 
(for example during levodopa treatment), easily gets oxidised either by MAO or auto-
oxidation, producing hydrogen peroxide or superoxide radicals, respectively (36). Hydrogen 
peroxide is further converted to hydroxyl radical in the presence of high levels of iron, which 
is typical for SNpc in PD (37). Dopamine quinones and dopamine semiquinones, products of 
dopamine auto-oxidation, have a negative impact on cellular processes such as inactivation of 
the DAT and tyrosine hydroxylase, but most importantly they contribute to mitochondrial 
dysfunction, which is the second source of oxidative stress (35, 38). Complex I deficiencies in 
the respiratory chain are considered as one of the primary sources of ROS in PD (35). Third, 
chronic neuroinflammation is responsible for ROS production. A product of dopamine auto-
oxidation cascade is also neuromelanin. It activates microglia, which further increases 
oxidative burden (35). Activated microglia produce elevated amounts of inducible nitric oxide 
synthase (NOS), which produces high levels of nitric oxide (NO) and superoxide radicals 
(19). However, neuronal NOS is actually the main source of NO in neurons (39). An even 
larger portion of oxidative burden from glial cells is produced by NADPH-oxidase complex 
(40). Furthermore, glutathione levels in the brain tissue were also found to be decreased in 
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PD, which makes the oxidative defence even more difficult (18, 41). Main ROS scavenging 
enzymes are superoxide dismutase 2 (SOD2), catalase (CAT) and glutathione peroxidase 1 
(GPX1) (42). Their activity is usually elevated in PD (42, 43). The scheme of the involvement 





Figure 6: Scheme of the neuroinflammation pathway in the Parkinson’s disease pathogenesis. 
Degenerating dopaminergic neurons release misfolded and aggregated α-synuclein, which 
activates microglia. The activated microglia then release pro-inflammatory cytokines, ROS, 
and NO that further activate astrocytes and contribute to degeneration of the dopaminergic 
neurons. The NALP3 inflammasome is important in the activated microglia for production of 
the IL1β. Misfolded α-synuclein also activates immune system in the periphery. Additional 
pro-inflammatory cytokines and ROS are released during the immune response, which further 
activate the microglia of the brain.  
BBB, blood-brain barrier; CARD8, caspase recruitment domain family member 8; GDNF, glial cell-derived 
neurotrophic factor; IL1β, interleukin 1β; IL6, interleukin 6; NALP3, NACHT, LRR and PYD domains-
containing protein 3; NFκB, nuclear factor kappa-light-chain-enhancer of activated B cells; NO; pro-IL1β, pro-
interleukin 1β; ROS, reactive oxygen species; TNF, tumor necrosis factor alpha. 
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Figure 7: Scheme of the oxidative stress pathway in the Parkinson’s disease pathogenesis.  
CAT, catalase; GPX1, glutathione peroxidase 1; iNOS, inducible nitric oxide synthase; nNOS, neuronal nitric 
oxide synthase; ROS, reactive oxygen species; SOD2, superoxide dismutase 2. 
1.6 Neurodevelopmental pathways, including proliferation, differentiation, and 
apoptosis in Parkinson’s disease 
Neurodevelopmental genes may also play a role in the PD development and progression. 
Neuregulin-1 (NRG1) is a neurotrophic differentiation factor (44). It has been associated with 
neurodegeneration and has been proposed as protective against neuroinflammation and 
oxidative stress. It alleviates neuroinflammation by reducing the number of microglia and 
astrocytes. It also lowers expression of IL1β (45). NRG1 confers neuroprotection, which was 
observed in the motor neuron disease (46). Genetic variability of the NRG1 (rs35753505) has 
already been associated with schizophrenia (47). It has already been studied in PD animal 
models and PD patients as well. The NRG1 receptor - receptor tyrosine-protein kinase erbB-4 
(ERBB4) - is broadly expressed in midbrain dopaminergic neurons. It had previously been 
shown that NRG1 crosses the BBB and that peripherally administered NRG1 functions in the 
CNS as it activates the ERBB4 and increases the dopaminergic stimulation in neonatal mice. 
Therefore, researchers were curious whether NRG1 could serve as a drug for PD. It was 
observed that systemic injections of the extracellular domain of Nrg1β(1) increased dopamine 
levels in the SNpc and striatum of adult mice. They also protected the nigrostriatal pathway 
against 6-hydroxydopamine-induced toxicity in vivo. Furthermore, systemic administration of 
the extracellular domain of Nrg1β(1) protected human dopaminergic neurons against 6-
hydroxydopamine in vitro (48). One of NRG1's isoforms is a sensory and motor neuron-
derived factor (SMDF) mostly expressed in neurons. It has been observed that NRG1 SMDF 
levels are reduced in plasma of PD patients in comparison to healthy individuals. The same 
study also reported that the plasma level of the NRG1 SMDF correlates with cerebrospinal 
fluid levels. However, the NRG1 SMDF levels did not correspond to the severity of PD (44).  
It has been reported in several papers that brain-derived neurotrophic factor (BDNF) is 
associated with PD development, progression, and treatment response. It has been recognized 
as the main modulator of the neurodevelopment and maintenance of the central and peripheral 
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nervous systems playing a crucial role in differentiation, regeneration, and plasticity 
mechanisms (49, 50). It has been proposed as a new promising drug target in PD. 
Significantly decreased serum levels of BDNF were detected in PD patients compared to 
healthy controls in a meta-analysis. The same meta-analysis could not detect any significant 
associations of serum BDNF levels with PD severity (49). BDNF rs6265 has already been 
associated with the occurrence of dyskinesia (51, 52).  
Genetic variability of NOTCH4 (neurogenic locus NOTCH homolog protein 4) and BIRC5 
(baculoviral IAP repeat containing 5) may also influence PD by affecting developmental 
pathways of neurons, including their proliferation, differentiation, and apoptosis (53, 54). 
NOTCH4 is a member of the NOTCH family of genes that govern cellular differentiation and 
cell-fate determination (55). It has been reported that inhibition of the NOTCH signalling 
alleviates PD symptoms in the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine treated mice 
(56). Furthermore, NOTCH signalling is modulated through the endosomal pathway by the 
LRRK2, which is important in PD development (57). Survivin (BIRC5) is an inhibitor of 
apoptosis and plays a vital role in mitosis and cell division (53, 58). It might also protect 
against oxidative stress in the nervous system (58). 
1.7 Clinical-pharmacogenetic models for prediction of adverse events due to 
dopaminergic treatment in Parkinson’s disease 
The main goal of pharmacogenetic studies is implementation of their results into everyday 
clinical practice. There are many parameters, genetic and clinical, influencing the occurrence 
of multifactorial phenotypes. Several studies have already pointed out associations of clinical 
parameters with occurrence of AEs of dopaminergic treatment (59-61). Furthermore, many 
pharmacogenetic studies have pointed out associations of genetic variants with occurrence of 
AEs of dopaminergic treatment (62). The contribution of each factor is rather small. This 
indicates a great need to evaluate many different factors simultaneously to predict a certain 
phenotype accurately. Therefore, clinical-pharmacogenetic models for prediction of AEs of 
dopaminergic treatment in PD are being developed. 
So far, only one clinical-pharmacogenetic model for prediction of adverse events of 
dopaminergic treatment in PD has been reported. This model predicted the occurrence of 
ICDs due to dopamine agonists and/or levodopa treatment. In total, 276 PD patients were 
included in the study. Thirteen genetic variants from twelve genes (solute carrier family 6, 
member 3 (SLC6A3), dopamine receptor D2 (DRD2), dopamine receptor D3 (DRD3), 
glutamate receptor, ionotropic, N-methyl-D-aspartate, subunit 2B (GRIN2B), 5-
hydroxytryptamine receptor 2A (HTR2A), tryptophan hydroxylase 2 (TPH2), solute carrier 
family 6, member 4 (SLC6A4), alpha-2C-adrenergic receptor (ADRA2C), DDC, COMT, 
opioid receptor mu-1 (OPRM1), opioid receptor kapa-1 (OPRK1)) from monoaminergic, 
glutamatergic, and opioid systems were included in the analysis. Furthermore, eight different 
clinical parameters (sex, race, age, formal education, Montreal Cognitive Assessment score, 
duration of PD, MDS-UPDRS part III (Movement disorder society-Unified Parkinson’s 
disease rating scale part III), and duration of follow-up) were accounted for. Clinical and 
clinical-pharmacogenetic models were constructed using logistic regression with variable 
selection carried out in a backward stepwise manner based on the Akaike information 
criterion. The predictive capacity was evaluated using AUC of the receiver operating 
characteristics (ROC) curve. The predictability was improved when genetic data was added to 
the analysis (clinical model: AUC=0.65; clinical-pharmacogenetic model: AUC=0.76). 
OPRK1, HTR2A, and DDC genotypes were significant genetic factors (63). 
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1.8 Pharmacogenetics approach and personalized dopaminergic treatment of 
Parkinson's disease  
Several pharmacogenetic guidelines for treatment adjustments in concordance with 
pharmacogenetic tests for various drug-gene pairs already exist. However, there are no such 
guidelines available for dopaminergic treatment in PD. Furthermore, formation of guidelines 
and translation of results of pharmacogenetic studies of response to dopaminergic treatment in 
PD (in terms of efficacy and AEs) to clinical practice is unfortunately not feasible yet. Results 
are frequently inconsistent and functional role of genetic variants is often not clear. 
Replication, validation, and functional studies are warranted in order to implement 
pharmacogenetic guidelines for dopaminergic treatment in PD into everyday clinical practice.  
Researchers could increase the chance for translation of results into clinical practice with 
good study design. Phenotypes must be well defined. The study cohort should be as 
homogeneous as possible. Statistical analysis should be conducted properly. As many factors 
usually influence the phenotype in question, many factors are also often tested on the same set 
of data. This means that adjustment for multiple comparisons must be performed to avoid 
false positive results, either with Bonferroni correction of false discovery rate methods. 
Furthermore, power analysis should be performed prior to the analysis to minimize the chance 
of false negative results (64, 65). 
As many different factors simultaneously influence tested phenotypes model construction is 
necessary for joint evaluation of these parameters. The choice of appropriate modelling 
method is very important. As the number of cases is usually small relative to the number of 
tested variables and as the tested variables are often collinear, penalized regression machine 
learning methods are a good choice for modelling to prevent overfitting and to simplify the 
model. The basis of penalized regression are regular types of regressions, such as linear, 
logistic, and Cox regression, depending on the type of the dependent variable. Penalized 
regression shrinks the estimated regression coefficients relative to the maximum likelihood 
towards zero, which means that this method is also a variable selection method. The shrinkage 
is estimated by the tuning parameter. If the estimated regression coefficient is not shrunk to 
zero, the variable is retained in the model and is considered statistically significantly 
associated with the outcome (66-68). 
Construction of such models enables us to include many different types of variables in the 
analysis, such as clinical, genetic, biochemical, and imaging variables. Such models serve as 
the foundation for formation of clinically useful algorithms for identification of patients at 
higher risk for development of AEs or worse treatment efficacy. Such algorithms could help 
physicians guide the treatment in terms of drug and/or dose choice. This way we would be 
able to prevent or minimize AEs occurrence and improve treatment efficacy. 
Furthermore, results of pharmacogenetic studies could also elucidate pathogenetic pathways 
to a certain phenotype development, such as PD itself or AEs of dopaminergic treatment. In 
hand with modelling approaches, earlier diagnosis could be enabled and prognosis could be 
better predicted. Furthermore, such models and clinical algorithms derived from the models 
could help to stratify patients into groups of shared pathogenetic processes. Care and 
treatment plans could be tailored specifically for each group of patients according to the 
underlying molecular defects (10). Such personalized approach to PD treatment could 
improve patients’ quality of life and could nevertheless also improve the pharmacoeconomic 
aspect of this disease.  
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UVOD 
Parkinsonova bolezen (PB) je kompleksna nevrološka bolezen, ki prizadene 1 % do 1,5 % 
ljudi starejših od 65 let. PB je nevrodegenerativna bolezen, ki prizadene bazalne ganglije, še 
posebej substanco nigro pars compacta (SNpc) in dopaminergične nevrone, ki projecirajo v 
striatum. Pomanjkanje dopamina v nigrostriatni poti se večinoma kaže z motoričnimi znaki. 
Znaki PB pa niso le motorični, saj bolnike pestijo tudi nemotorične težave, ki se lahko 
pojavijo tudi desetletje pred motoričnimi. Diagnoza je lahko postavljena šele, ko so prisotni 
motorični znaki, vendar pa je znano, da se bolezenski procesi začnejo že mnogo let prej. 
Zdravljenje PB je le simptomatsko, saj se z različnimi dopaminergičnimi zdravili ves čas le 
nadomešča primanjkljaj dopamina. Skozi leta zdravljenja se lahko pojavi kar nekaj neželenih 
učinkov (NU). Vzrok nastanka PB še ni znan, vendar je jasno, da gre za skupek genetskih in 
okoljskih dejavnikov. Obstaja velika potreba po diagnostičnih testih za zgodnje odkrivanje 
bolezni, še preden se pojavijo motorični znaki in še preden propade velika količina 
dopaminergičnih nevronov. Zgodnejša diagnoza bi nam ob obstoječem nevroprotektivnem 
zdravljenju omogočila, da bi bolezen lahko ustavili ali celo obrnili njen potek (1). 
1.1 Klinične značilnosti Parkinsonove bolezni 
PB se običajno kaže s štirimi glavnimi motoričnimi znaki: bradikinezija, mišična rigidnost, 
tremor v mirovanju in težave z držo in hojo. Za postavitev diagnoze je potrebna bradikinezija 
z mišično rigidnostjo in/ali tremorjem v mirovanju. Težave z držo in hojo se običajno pojavijo 
kasneje v toku bolezni. Akinezija je definirana kot upočasnjeno gibanje in zmanjšanje 
amplitude ali hitrosti gibanja, ko se gibanje nadaljuje oz. ponavlja. Prisotnost rigidnosti se 
preverja tako, da zdravnik počasi premika večje sklepe rok, nog in vratu, ko je bolnik v 
sproščenem položaju. Rigidnost je definirana kot od hitrosti neodvisna rezistenca do gibanja, 
ki ni posledica tega, da bolnik ne more sprostiti mišic. Tremor v mirovanju je tremor okončin 
s frekvenco 4 do 6 Hz v mirovanju, ki izzveni med gibanjem. Diagnoza se postavi glede na 
smernice MDS (ang. Movement disorder society) kliničnih diagnostičnih kriterijev PB. 
Potrebna je tudi odsotnost izključujočih kriterijev. K diagnozi prispeva prisotnost dveh 
podpornih kriterijev (jasen in ugoden odgovor na dopaminergično terapijo, prisotnost 
diskinezij, tremor okončin v mirovanju, motnja voha ali srčna simpatetična denervacija na 
scintigrafiji z metajodobenzilgvanidinom) in odsotnost kazalcev na druge nevrodegenerativne 
bolezni, kot so progresivna supranuklearna paraliza, multipla sistemska atrofija ali 
kortikobazalna degeneracija. Vseeno pa popolna diagnostična natančnost tekom življenja ni 
mogoča. 75 % do 95 % primerov diagnosticiranih bolnikov s PB je potrjenih ob obdukciji (2).  
PB se med bolniki različno manifestira. Klinično jo lahko razdelimo v tri podskupine, in sicer 
tremorozno obliko PB, akinetsko-rigidno PB in mešano. Tremorozna oblika PB običajno 
napreduje počasneje, spremlja pa jo tudi manj motoričnih komplikacij (1, 3). 
Znano je, da se PB prične veliko pred pojavom motoričnih znakov in simptomov. PB tako 
lahko razdelimo v tri faze. V prvi fazi govorimo o predklinični PB, ko so se bolezenski 
procesi že začeli, vendar znakov in simptomov še ni moč zaznati. V drugi fazi govorimo o 
prodromalni PB, ko so znaki in simptomi že prisotni, vendar diagnoze še ni mogoče postaviti. 
Tretja faza je obdobje klinične PB, ko je lahko diagnoza postavljena na podlagi klasičnih 
motoričnih znakov (4). Hitrost napredovanja od prodromalne do klinične PB se med bolniki 
razlikuje, vendar pa v povprečju traja od 12 do 14 let (1, 4). Poznamo štiri glavne 
prodromalne znake PB. To so motnja voha, motnja faze spanja REM (hitro gibanje očesnih 
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zrkel, ang. rapid eye movement), zaprtje in depresija. Ostali prodromalni znaki so tudi 
prekomerna dnevna utrujenost, simptomatska hipotenzija, erektilna disfunkcija in motnje 
mokrenja (1, 4, 5). Še nekaj ostalih nemotoričnih simptomov pesti bolnike s PB, kot so 
kognitivni upad, bolečina in utrujenost (1). 
V času raziskovanja in iskanja nevroprotektivnih zdravil in zdravil, ki bi vplivala na potek 
bolezni, je ključno, da najdemo metode zgodnjega odkrivanja PB. Tovrstna zdravila bi 
namreč bila najbolj učinkovita, če bi jih bolniki uživali v času predklinične ali vsaj 
prodromalne faze bolezni. Nekaj potencialnih označevalcev, kliničnih, slikovnih, biokemičnih 
in genetskih, za zgodnjo diagnozo je že bilo identificiranih. Za pravilno zgodnjo diagnozo bi 
bila verjetno potrebna kombinacija več takšnih označevalcev (1, 6, 7). Pred kratkim je že bil 
oblikovan diagnostični model za diagnozo PB v predklinični fazi na podlagi genetskih in 
kliničnih dejavnikov. Model je vključeval podatke o motnji voha, genetskem tveganju, 
družinski anamnezi, starosti in spolu (8). Ocena genetskega tveganja je bila postavljena na 
podlagi rezultatov meta-analize asociacijskih študij celotnega genoma (GWAS) PB (9). 
Model je bil validiran na neodvisni populaciji. Napovedna vrednost modela je bila dobra, saj 
je površina pod krivuljo (AUC, ang. area under the curve) znašala 0,923, senzitivnost in 
specifičnost pa sta bili 0,834 in 0,903 (8). 
Hitrost napredovanja bolezni se med bolniki razlikuje. V pozni fazi bolezni začnejo 
prevladovati motorični simptomi, ki so neodzivni na terapijo, kot so težave z držo, 
zamrznitve, težave s požiranjem in težave z govorom. Pojavijo se tudi nemotorični simptomi, 
kot so motnje mokrenja, zaprtje, posturalna hipotenzija in demenca (1). Klinični znaki in 
simptomi in časovnica napredovanja bolezni so predstavljeni na Sliki 1. 
 
 
Slika 1: Časovnica poteka Parkinsonove bolezni. Diagnoza klinične PB je lahko postavljena, 
ko se pojavijo motorični znaki (čas 0 let). Pred klinično PB je bolnik v prodromalni fazi 
bolezni, ki lahko traja tudi več kot desetletje. Različni nemotorični znaki in simptomi so 
značilni za to fazo. Dodatni motorični in nemotorični simptomi se razvijejo po diagnozi (1).  
RBD, motnja faze spanja REM (ang. REM sleep behaviour disorder) ; EDS, prekomerna dnevna zaspanost (ang. 
excessive daytime sleepiness); MCI, blaga kognitivna motnja (ang. mild cognitive impairment). 
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1.2 Dejavniki tveganja za razvoj Parkinsonove bolezni 
Obstaja veliko dejavnikov tveganja za razvoj PB. Znanih je kar nekaj dejavnikov, tako 
genetskih kot tudi okoljskih, ki povečujejo tveganje. Dejavniki tveganja se med seboj 
prepletajo in vsi skupaj doprinesejo k tako kompleksni bolezni, kot je PB. Starost je najbolj 
pomemben dejavnik tveganja, saj prevalenca eksponentno narašča s starostjo. Znano je tudi, 
da so moški bolj ogroženi za pojav bolezni kot ženske (1, 4). Enajst okoljskih dejavnikov je 
bilo prepoznanih kot pomembnih pri modulaciji tveganja za razvoj PB. Dejavniki, ki zvišajo 
tveganje za razvoj PB so izpostavljenost pesticidom, poškodbe glave, življenje na podeželju, 
uporaba antagonistov adrenergičnih receptorjev beta, kmetovanje in pitje studenčnice. 
Dejavniki, ki znižujejo tveganje pa so kajenje tobaka, uživanje kave, uporaba nesteroidnih 
antirevmatikov (NSAID) in zaviralcev kalcijevih kanalčkov ter uživanje alkohola (1). 
Okoljski dejavniki so našteti na Sliki 2. 
Tudi genetski dejavniki pomembno vplivajo na tveganje za razvoj PB. Da so genetski 
dejavniki pomembni, je postalo jasno, ko so ugotovili, da pozitivna družinska anamneza 
poviša tveganje za razvoj bolezni. Nekaj monogenskih oblik je že bilo identificiranih. Med 
najpomembnejšimi geni so SNCA (α-sinuklein), LRRK2 (kinaza s ponovitvami bogatimi z 
levcinom 2) in GBA (glukocerebrozidaza). Vseeno pa ima le malo bolnikov monogensko 
obliko PB. Večina primerov je idiopatskih, kar pomeni, da glavni razlog za pojav bolezni ni 
znan in da je več dejavnikov botrovalo k razvoju bolezni. Rezultati GWAS so razkrili veliko 
genetskih dejavnikov, ki bi lahko imeli vlogo pri razvoju idiopatske bolezni. Lokusi, ki so bili 
identificirani kot dejavniki tveganja v meta-analizah GWAS študij, so predstavljeni na Sliki 2 
(1, 9). V preglednem članku smo povzeli, kar je znanega o funkciji teh lokusov in njihovi 
vlogi pri razvoju PB (10). Povzetek tega preglednega članka je predstavljen na Sliki 3. 
 
 
Slika 2: Okoljski in genetski dejavniki tveganja, ki prispevajo k razvoju idiopatske PB (1). 
ACMSD, aminokarboksimukonat semialdehid dekarboksilaza; BCKDK, ketokislinska dehidrogenaza kinaza z 
razvejano verigo; BST1, antigen stromalnih celic kostnega mozga 1; CCDC62, ovita vijačnica s proteinom 62; 
DDRGK1, domena DDRGK s proteinom 1; DGKQ, diacilglicerol kinaza teta; FAM47E, družina s podobnostjo 
zaporedja 47, član E; FGF20, fibroblastni rastni dejavnik 20; GAK, s ciklinom G povezana kinaza; GBA, 
glukocerebrozidaza; GCH1, GTP ciklohidrolaza 1; GPNMB, glikoprotein NMB; HLA-DQB1, poglavitni 
histokompatibilnostni kompleks, razred II, DQ beta 1; INPP5F, inozitol polifosfat-5-fosfataza F; LRRK2, kinaza 
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s ponovitvami bogatimi z levcinom 2; MAPT, z mikrotubuli povezan protein tau; MCCC1, metilkrotonil-CoA 
karboksilaza 1 (alfa); MIR4697, mikroRNA 4697; NSAID, nesteroidni antirevmatiki; NUCKS1, substrat jedrne 
kazein kinaze in od ciklina odvisne kinaze 1; OR, razmerje obetov; RAB7L1, član RAS onkogenu podobne 
družine 1; RAI1, inducirana retinojska kislina 1; RIT2, Ras-u podoben protein brez CAAX 2; SCARB2, 
odstranjevalni receptor razreda B, član 2; SIPA1L2, protein 2 podoben s signalom induciranemu 
proliferacijskemu proteinu 1; SNCA, α-sinuklein; SREBF2, na transkripcijski faktor vezan sterolni regulatorni 
element 1; STK39, serin treonin kinaza 39; STX1B, sintaksin 1B; TMEM163, transmembranski protein 163; 
TMEM175, transmembranski protein 175; VPS13C, vakuolarni razmeščevalni protein 13, homolog C. 
 
 
Slika 3: Prevod povzetka preglednega članka, ki je bil v letu 2017 objavljen v reviji Frontiers 
in Aging Neuroscience (10). 
Identificirani genetski dejavniki tveganja razkrivajo tudi biološke poti, ki sodelujejo pri 
razvoju PB. Poleg genetskih dejavnikov pa informacije o različnih bioloških poteh, ki 
sodelujejo pri razvoju PB, dajejo tudi dejavniki drugih vrst z drugih omskih področij. Tako 
lahko označevalce PB iščemo tudi znotraj drugih omik. V preglednem članku smo povzeli 
rezultate s 13 različnih omskih področij: genomika, transkriptomika, epigenomika, 
proteomika, ncRNomika, interaktomika, metabolomika, glikomika, lipidomika, fenomika, 
okoljska omika, farmakogenomika in integromika. S preglednim člankom smo želeli prikazati 
primer celovitega pristopa k odkrivanju patoloških procesov in dejavnikov tveganja 
kompleksnih bolezni, kot je PB (11). Povzetek tega preglednega članka je prikazan na Sliki 4. 
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Slika 4: Prevod povzetka preglednega članka, ki je bil objavljen leta 2018 v reviji OMICS A 
Journal of Integrative Biology (11).  
1.3 Patologija Parkinsonove bolezni 
Glavna patološka značilnost PB je izguba dopaminergičnih nevronov v SNpc. Najbolj 
prizadeti so nevroni, ki projecirajo z ventrolateralnega področja SNpc v dorzalni putamen 
striatuma v bazalnih ganglijih (1). Izgubo teh nevronov lahko prikažemo tudi z magnetno 
resonančno tomografijo, kjer se vidi, da je pigmentirano področje SNpc zmanjšano ali ga celo 
ni, do česar pride zaradi patoloških procesov PB (12). Izgubo teh nevronov lahko prikažemo 
tudi s pozitronsko emisijsko tomografijo (PET) in različnimi radiofarmaki, ki merijo bodisi 
aktivnost dopa dekarboksilaze (DDC), gostoto dopaminskih prenašalcev (DAT) ali gostoto 
vezikularnega monoaminskega prenašalca (VMAT2) (13). 
Druga patolohistološka značilnost PB je prekomerno kopičenje α-sinukleina in pojav 
Lewyjevih telesc in Lewyjevih nevritov. Nevrodegenerativne bolezni so v določenem pogledu 
podobne prionskim boleznim, saj je velikokrat določen protein napačno zvit in ga je zato v 
velikih količinah moč najti v centralnem živčnem sistemu (CŽS) in tudi na periferiji. Pri PB je 
napačno zvit α-sinuklein, ki ga kodira SNCA (1). Napačno zvit α-sinuklein je netopen in zato 
tvori agregate, ki jih lahko najdemo v telesu nevronov. Takšne agregate imenujeno Lewijeva 
telesca. Lewijeve nevrite je moč najti v aksonih in dendritih nevronov. Najdemo lahko tudi 
proteinske vključke, ki poleg α-sinukleina vsebujejo še ubikvitin, nevrofilamente in protein 
tau. Lewyjeva telesca in nevrite najdemo v CŽS in tudi na periferiji v živcu vagusu, 
simpatičnih ganglijih, srčnem pletežu, enteričnem živčevju, v žlezah slinavkah, nadledvičnih 
žlezah, kožnih živcih in ishiadičnem živcu (1). Lewyjeva patologija napreduje po Braakovih 
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kriterijih, kot je prikazano na Sliki 5 (14). Stopnje ustrezajo kliničnemu poteku bolezni. 
Stopnji I in II ustrezata prodromalnim znakom in simptomom PB, stopnji III in IV ustrezata 
nastopu motoričnih simptomov zaradi pomanjkanja dopamina v nigrostriatni poti, stopnji V in 
VI pa ustrezata napredovanju bolezni s pojavom velikega števila nemotoričnih simptomov. 
 
 
Slika 5: Shematski prikaz stopenj napredovanja agregacije α-sinukleina pri PB po Braaku 
(14). 
Pomembna značilnost patologije PB je tudi vnetje. H kroničnemu vnetju zaradi agregatov α-
sinukleina prispevajo stalno aktivirane celice mikroglije in astrocitov. Aktivirane celice 
izločajo reaktivne kisikove (ROS) in reaktivne dušikove zvrsti (RNS), provnetne citokine in 
različne trofične dejavnike (1). Še vedno ni povsem jasno, če vnetje možgane pred 
degeneracijo ščiti ali le-to spodbuja. 
1.4 Zdravljenje, neželeni učinki in farmakogenetika Parkinsonove bolezni 
Glavna strategija zdravljenja PB je nadomeščanje manjkajočega dopamina v nigrostriatni poti 
in tudi v drugih delih možganov, ki so prizadeti pri tej bolezni. Zdravila povišajo 
koncentracijo dopamina ali pa stimulirajo dopaminske receptorje. Zdravljenje je le 
simptomatsko in ne vpliva na napredovanje bolezni. Glavni cilj zdravljenja PB je lajšanje 
znakov in simptomov in izboljšanje kakovosti življenja bolnikov. Zlati standard zdravljenja so 
levodopa, ki je prekurzor dopamina, in agonisti dopamina. Uporabljajo pa se tudi zaviralci 
presnove dopamina, kot so zaviralci monoaminske oksidaze B (MAOB), zaviralci katehol-O-
metil transferaze (COMT) in zaviralci DDC (1, 15). Kar nekaj NU se lahko pojavi zaradi 
dopaminergičnega zdravljenja, kot so motorična nihanja, diskinezije, prekomerna dnevna 
zaspanost in napadi spanca, vidne halucinacije, slabost/bruhanje, ortostatska hipotenzija, 
periferni edemi in motnja kontrole impulzov. Potek zdravljenja, NU zdravljenja in dosedanje 
farmakogenetske študije smo povzeli v poglavju v knjigi, ki je v nalogi predstavljeno v 
podpoglavju 1.4.1 (16). 
1.5 Vnetne poti in poti oksidativnega stresa v patologiji Parkinsonove bolezni 
Splošno velja, da pravega imunskega odziva v možganih ni. Vendar pa v možganih kljub 
temu potekata tako prirojeni kot tudi pridobljeni imunski odziv (17). Imunski odziv je lahko 
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sprva protektiven, vendar ob kroničnem vnetju postane škodljiv. Napačno zvit α-sinuklein in 
njegova posledična agregacija aktivirata celice mikroglije (18). Aktivirane celice mikroglije z 
izločanjem provnetnih citokinov (interlevkin 1β (IL1β), tumor nekrotizirajioči faktor (TNF), 
interlevkin 6 (IL6)), ROS, RNS, kemokinov in proteinov komplementa sprožijo vnetje (17, 
19). ROS in agregiran α-sinuklein lahko delujejo kot s poškodbami povezani molekularni 
vzorci, kar lahko povzroči aktivacijo inflamasoma NALP3 (protein 3, ki vsebuje domene 
NACHT, LRR in PYD), ki je nujen za produkcijo IL1β (20). Aktivirane celice mikroglije naj 
bi tudi sprožile izražanje poglavitnega histokompatibilnostnega kompleksa (MHC) I v 
dopaminergičnih nevronih SNpc. Izražanje MHCI in posledična predstavitev antigenov 
izpostavi dopaminergične nevrone citotoksičnim T celicam, ki sprožijo smrt celice v okviru 
pridobljenega imunskega odziva (21, 22). Ob tem lahko pride tudi do poškodb krvno-
možganske pregrade (BBB, ang. blood-brain barrier), saj se citotoksične T celice običajno 
nahajajo na periferiji (23). Provnetni citokini, ki jih izločajo aktivirane celice mikroglije, se 
lahko vežejo na citokinske receptorje na membrani dopaminergičnih nevronov, kar sproži 
aktivacijo NF-κB (jedrni faktor ojačevalcev kapa lahkih verig aktiviranih limfocitov B), ta pa 
privede do apoptoze (19). Propad dopaminergičnih nevronov za seboj pusti veliko celičnih 
ostankov, ki jih morajo počistiti celice mikroglije, kar povzroči njihovo nadaljnjo aktivacijo 
(18). Kar nekaj GWAS študij je že povezalo področje za humane levkocitne antigene (HLA) 
znotraj MHC s tveganjem za pojav PB, kar podpira hipotezo, da je vnetje del patogeneze PB 
(9, 10, 24-27). Tudi analiza bioloških poti glede na rezultate GWAS študij je razkrila genetske 
razlike v poteh vnetja med bolniki in zdravimi kontrolami (28). Tudi nivoji IL1β, TNF, IL6 so 
bili višji v periferni krvi in cerebrospinalni tekočini bolnikov s PB kot pri zdravih kontrolah 
(29-34). Vpetost zgoraj omenjenih genov v biološko pot vnetja je shematsko predstavljena na 
Sliki 6.  
Vnetni procesi prispevajo k oksidativnim poškodbam v nigrostriatni poti (23). Poznamo tri 
glavne procese, ki sodelujejo pri nastanku ROS pri PB (35). Prvi takšen proces je presnova 
dopamina v dopaminergičnih nevronih. Dopamin, ki se ne shrani v znotrajceličnih veziklih, 
kar se pogosteje zgodi, ko pride do presežka dopamina, na primer pri zdravljenju z levodopo, 
se oksidira z MAO ali pa se avto-oksidira. Pri tem nastajata vodikov peroksid in superoksidni 
radikal (36). Ob visokih koncentracijah železa, ki so značilne za PB, se vodikov peroksid 
pretvori naprej v hidroksilni prosti radikal (37). Dopaminski kinoni in dopaminski 
semikinoni, ki so produkti avto-oksidacije dopamina, negativno vplivajo na delovanje celice, 
saj deaktivirajo DAT in tirozin hidroksilazo. Še pomembneje pa je, da prispevajo k disfunkciji 
mitohondrijev, kar je drugi razlog za povečano produkcijo ROS (35, 38). Okvare kompleksa I 
v dihalni verigi v največji meri prispevajo k povečanemu obsegu nastajanja ROS pri PB (35). 
Tretji razlog za nastajanje ROS pa je kronično vnetje. Produkt avto-oksidacije dopamina je 
tudi nevromelanin. Ta aktivira celice mikroglije, kar še dodatno prispeva k nastajanju ROS 
(35). Aktivirane celice mikroglije proizvajajo povečane količine inducibilne NO sintaze 
(NOS), kar vodi v višje koncentracije dušikovega oksida (NO) in superoksidnih radikalov 
(19). Glavni vir NO v nevronih pa je nevronalna NOS (39). K še večjemu oksidativnemu 
bremenu pa prispeva NADPH-oksidazni kompleks v celicah glije (40). Tudi nivo glutationa je 
v možganih pri PB znižan, kar oslabi obrambo pred oksidativnim stresom (18, 41). Glavni 
encimi, ki sodelujejo pri odstranjevanju ROS, so superoksid dismutaza 2 (SOD2), katalaza 
(CAT) in glutation peroksidaza 1 (GPX1) (42). Njihova aktivnost je pri PB običajno zvišana 
(42, 43). Vpetost zgoraj omenjenih genov v biološke poti oksidativnega stresa je shematsko 
predstavljena na Sliki 7.  
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Slika 6: Shema vnetne poti v patogenezi Parkinsonove bolezni. Propadajoči dopaminergični 
nevroni sproščajo napačno zvit in agregiran α-sinuklein, ki aktivira celice mikroglije. 
Aktivirana mikroglija sprošča provnetne citokine, ROS in RNS, ki nadalje aktivirajo astrocite. 
Aktivirani astrociti dodatno prispevajo k propadanju dopaminergičnih nevronov. Inflamasom 
NALP3 je pomemben v celicah aktivirane mikroglije za produkcijo IL1β. Napačno zvit α-
sinuklein tudi aktivira imunski sistem na periferiji. Pri imunskem odzivu zopet nastajajo 
provnetni citokini in ROS, ki še povečajo aktivacijo mikroglije v možganih. 
BBB, krvno-možganska pregrada; CARD8, član 8 družine kaspaznih rekrutacijskih domen; GDNF, rastni dejavnik 
glialnega izvora; IL1β, interlevkin 1β; IL6, interlevkin 6; NALP3, protein 3, ki vsebuje domene NACHT, LRR 
in PYD; NFκB, jedrni faktor ojačevalcev kapa lahkih verig aktiviranih limfocitov B; NO; dušikov oksid; pro-IL1β, pro-
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Slika 7: Shematski prikaz biološke poti oksidativnega stresa in njene vloge v patogenezi 
Parkinsonove bolezni. 
CAT, katalaza; GPX1, glutation peroksidaza 1; iNOS, inducibilna NO sintaza; nNOS, nevronalna NO sintaza; 
ROS, reaktivne kisikove zvrsti; SOD2, superoksidna dismutaza 2. 
1.6 Nevrorazvojne poti s proliferacijo, diferenciacijo in apoptozo pri 
Parkinsonovi bolezni 
Nevrorazvojni geni bi prav tako lahko imeli vlogo pri razvoju in poteku PB. Nevregulin-1 
(NRG1) je nevrotrofični diferenciacijski dejavnik (44). Dejavnik je že bil povezan z 
nevrodegeneracijo in tudi s sposobnostjo zaščite pred vnetjem in oksidativnim stresom. 
Vnetje lajša z zmanjšanjem števila celic mikroglije in astrocitov. Prav tako znižuje izražanje 
IL1β (45). Nevroprotektivna vloga NRG1 je bila opisana že pri bolezni motoričnega nevrona 
(46). Genetska variabilnost NRG1 (rs35753505) je že bila povezana tudi s shizofrenijo (47). 
Preučevali so jo že pri živalskih modelih PB in pri bolnikih s PB. Receptor NRG1 ERBB4 
(receptor tirozin-protein kinaze erbB-44) je široko izražan v dopaminergičnih nevronih 
srednjih možganov. Pri modelih mišjih novorojenčkov je že bilo dokazano, da NRG1 prestopa 
BBB, saj je periferno apliciran NRG1 deloval v CŽS, saj je aktiviral ERBB4 in povečal 
dopaminergično stimulacijo. Zato je raziskovalce zanimalo, če bi NRG1 lahko služil kot novo 
zdravilo za PB. Pokazano je bilo, da sistemska dostava zunajcelične domene Nrg1β(1) poveča 
koncentracijo dopamina v SNpc in striatumu odraslih miši. Nrg1β(1) je tudi zaščitila 
dopaminergične nevrone pred toksičnostjo 6-hidroksidopamina in vivo. Delovanje Nrg1β(1) 
so preizkusili tudi na humanih dopaminergičnih nevronih in ugotovili, da sistemska dostava te 
domene zaščiti nevrone pred 6-hidroksidopaminom in vitro (48). Ena izmed izoform NRG1 je 
tudi senzorični in motorični dejavnik nevronskega izvora (SMDF). Raziskovalci so pokazali, 
da je plazemska koncentracija SMDF NRG1 nižja pri bolnikih s PB kot pri zdravih kontrolah. 
Ista študija je tudi pokazala, da plazemska koncentracija SMDF NRG1 korelira s 
koncentracijo v cerebrospinalni tekočini. Nivo SMDF NRG1 pa ni koreliral z napredovalostjo 
PB (44). 
V številnih študijah je že bilo pokazano, da je rastni dejavnik možganskega izvora (BDNF) 
povezan z razvojem in napredovanjem PB in tudi z odgovorom na zdravljenje. BDNF je eden 
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izmed glavnih modulatorjev nevrorazvoja in vzdrževanja centralnega in perifernega živčnega 
sistema, saj ima pomembne vloge pri diferenciaciji, regeneraciji in mehanizmih plastičnosti 
(49, 50). Raziskovalci so ga prepoznali kot obetavno novo tarčo za zdravljenje PB. V meta-
analizi je bilo ugotovljeno, da je serumski nivo BDNF pri bolnikih s PB znižan v primerjavi z 
zdravimi kontrolami. Ista meta-analiza ni uspela zaznati nobenih pomembnih povezav med 
serumskim nivojem BDNF in napredovalostjo PB (49). BDNF rs6265 je že bil povezan s 
pojavom diskinezij (51, 52). 
Genetska variabilnost NOTCH4 (protein homolog nevrogenega lokusa NOTCH 4) in BIRC5 
(protein, ki vsebuje bakulovirusno IAP ponovitev 5) bi lahko vplivala na PB preko vpliva na 
razvojne poti nevronov, kot so proliferacija, diferenciacija in apoptoza (53, 54). NOTCH4 je 
član družine genov NOTCH, ki sodeluje pri diferenciaciji nevronov (55). Poročali so že, da 
zaviranje signalizacije NOTCH lahko lajša simptome PB pri miših tretiranih z 1-metil-4-fenil-
1,2,3,6-tetrahidropiridinom (56). V signalizacijo NOTCH je vključena tudi endosomalna pot 
preko LRRK2, ki je pomemben pri samem nastanku PB (57). Survivin (BIRC5) je zaviralec 
apoptoze in igra pomembno vlogo pri mitozi in celični delitvi (53, 58). Prav tako pa naj bi 
tudi varoval pred oksidativnim stresom v živčnem sistemu (58). 
1.7 Klinično-farmakogenetski modeli za napoved neželenih učinkov 
dopaminergičnega zdravljenja Parkinsonove bolezni 
Glavni cilj farmakogenetskih študij je prenos njihovih rezultatov v vsakodnevno klinično 
prakso. Obstaja veliko genetskih in kliničnih dejavnikov, ki vplivajo na pojav multifaktornih 
fenotipov. Nekaj študij je že pokazalo povezave med kliničnimi dejavniki in pojavom NU 
dopaminergičnega zdravljenja (59-61). Farmakogenetske študije pa so tudi že pokazale 
povezave med genetskimi dejavniki in NU dopaminergičnega zdravljenja PB (62). Doprinos 
posameznega dejavnika je običajno majhen, kar nakazuje na potrebo po tem, da v prihodnosti 
preverimo vpliv več različnih dejavnikov sočasno in s tem bolj točno napovemo določen 
fenotip. Zato se v zadnjem času veliko dela na razvoju klinično-farmakogenetskih modelov za 
napoved NU dopaminergičnega zdravljenja PB. 
Do sedaj je bil objavljen le en klinično-farmakogenetski model za napoved določenega NU 
dopaminergičnega zdravljenja PB. Ta model je napovedoval pojav motenj kontrole impulzov 
zaradi agonistov dopamina in/ali levodope. V študijo je bilo vključenih 276 bolnikov s PB. 
Preverili so 13 genetskih variant iz 12 genov (SLC6A3 (prenašalec topljencev 6A3), DRD2 
(dopaminski receptor D2), DRD3 (dopaminski receptor D3), GRIN2B (N-metil-D-aspartat 
ionotropni glutamatni receptor 2B), HTR2A (serotoninski receptor 2A), TPH2 (triptofan 
hidroksilaza 2), SLC6A4 (prenašalec topljencev 6A4), ADRA2C (adrenergični receptor alfa-
2C), DDC, COMT, OPRM1 (opioidni receptor mu-1), OPRK1 (opioidni receptor kapa-1)) iz 
monoaminskega, glutamatnega in opioidnega sistema. V analizo so vključili tudi osem 
kliničnih dejavnikov (spol, rasa, starost, formalna izobrazba, ocena MoCA (ang. Montreal 
Cognitive Assessment score), trajanje PB, MDS-UPDRS del III, trajanje sledenja). Oblikovali 
so klinični in klinično-faramkogenetski model. Za oblikovanje modela so uporabili logistično 
regresijo z metodo vzvratne izbire spremenljivk, ki je temeljila na Akaike informacijskem 
kriteriju. Napovedna vrednost je bila ocenjena z AUC ROC (lastnost delovanja sprejemnika, 
ang. receiver operating characteristics) krivulje. Napovedna vrednost oblikovanega modela je 
bila izboljšana, ko so v analizo bili vključeni tudi genetski dejavniki (klinični model: 
AUC=0,65; klinično-farmakogenetski model: AUC=0,76). Signifikantni genetski dejavniki so 
bili OPRK1, HTR2A, in DDC (63). 
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1.8 Farmakogenetski pristop in personalizacija dopaminergičnega zdravljenja 
Parkinsonove bolezni 
Nekaj smernic za prilagoditev zdravljenja, ki temeljijo na farmakogenetskih testiranjih, za 
različne pare gen-zdravilo že obstaja. Vendar pa takšne smernice ne obstajajo za 
dopaminergično zdravljenje PB. Trenutno oblikovanje smernic in prenos le-teh v klinično 
prakso na podlagi farmakogenetskih študij dopaminergičnega zdravljenja PB, tako v smislu 
učinkovitosti kot tudi pojava NU, zaenkrat še ni mogoče. Rezultati pogosto niso enoznačni, 
vloga genetskih variant pa je pogosto neznana ali nejasna. Za prenos rezultatov 
farmakogenetskih študij dopaminergičnega zdravljenja PB v klinično prakso so potrebne 
replikacijske, validacijske in funkcionalne študije.  
Raziskovalci lahko izboljšamo možnost za prenos v klinično prakso z dobrim načrtovanjem 
študij. Fenotipi, ki jih preučujemo, morajo biti dobro definirani. Študijska kohorta naj bo 
homogena. Statistična analiza mora biti pravilno izvedena. Ker veliko dejavnikov vpliva na 
pojav fenotipa, ki ga preučujemo, je tudi veliko različnih dejavnikov vključenih v analizo. Iz 
tega sledi, da je nujno potrebna prilagoditev za večkratno testiranje, da se izognemo lažno 
pozitivnim rezultatom. Za prilagoditev za večkratno testiranje lahko uporabimo 
Bonferronijevo korekcijo ali pa metodo deleža lažno pozitivnih rezultatov. Izvesti je potrebno 
tudi analizo moči študije že pred samo izvedbo študije, da zmanjšamo možnost za lažno 
negativne rezultate (64, 65). 
Ker običajno na pojav testiranega fenotipa vpliva več dejavnikov, je oblikovanje modelov, ki 
lahko sočasno analizirajo več dejavnikov, nujno potrebno. Izbira ustrezne metode za 
oblikovanje modelov je ključnega pomena. Velikokrat se zgodi, da je število dogodkov 
majhno glede na število testiranih spremenljivk. Velikokrat so spremenljivke med seboj tudi 
kolinearne. Da preprečimo preprileganje modela na podatke in da poenostavimo model, so 
metode strojnega učenja, kot je penalizirana regresija, dobra izbira. Osnova penalizirane 
regresije so običajni tipi regresije, kot so linearna, logistična in Coxova regresija, odvisno od 
tipa odvisne spremenljivke. Penalizirana regresija skrči ocene regresijskih koeficientov glede 
na največje verjetje proti nič, kar pomeni, da je to hkrati tudi metoda izbire spremenljivk za 
vključitev v model. Skrčenje je določeno s parametrom kaznovanja λ. Če ocena regresijskega 
koeficienta ni skrčena na nič, potem spremenljivka ostane v modelu in je prepoznana kot 
statistično pomembno povezana z izidom, ki ga preučujemo (66-68). 
Oblikovanje modelov na opisan način nam omogoči, da v analizo vključimo različne tipe 
dejavnikov, kot so klinični, genetski, biokemični in slikovni. Tako oblikovani modeli služijo 
kot temelji za oblikovanje klinično uporabnih algoritmov za identifikacijo bolnikov s 
povišanim tveganjem za razvoj NU ali slabši odgovor na zdravljenje v smislu učinkovitosti. 
Takšni algoritmi bi lahko služili lečečim zdravnikom pri izbiri zdravila in izbiri odmerka. S 
tem bi se lahko zmanjšalo pojavljanje NU in bi se lahko tudi izboljšala splošna učinkovitost 
zdravil. 
Rezultati farmakogenetskih študij tudi osvetlijo patogenezo fenotipov, ki jih preučujemo, kot 
so PB ali pa NU dopaminergičnega zdravljenja. Z oblikovanjem modelov lahko tudi 
pripomoremo k hitrejši diagnozi bolezni in boljši napovedi prognoze. Takšni modeli in 
algoritmi bi lahko pomagali tudi pri stratifikaciji bolnikov v skupine s podobnimi 
patofiziološkimi procesi, ki so vodili k razvoju istega fenotipa. Oskrba in zdravljenje bolnikov 
bi lahko bilo prilagojeno glede na vsako skupino posebej glede na njihove patofiziološke 
značilnosti (10). Personalizirano zdravljenje PB bi lahko izboljšalo kakovost življenja 
bolnikov in nenazadnje bi se lahko izboljšal tudi farmakoekonomski aspekt bolezni.
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2 AIM OF WORK AND HYPOTHESES 
The aetiology of AEs of dopaminergic treatment (MF, dyskinesia, EDS and sleep attacks, 
visual hallucinations, nausea/vomiting, orthostatic hypotension, peripheral oedema, and 
impulse control disorders) is not completely understood and their occurrence cannot be 
clearly predicted. Some clinical and pharmacogenetic factors were already identified as 
potential markers of the AEs. However, a comprehensive evaluation of the genetic variability 
in (i) dopaminergic pathway and pathways of (ii) neuroinflammation, (iii) oxidative stress, 
(iv) neuron development, proliferation, and differentiation, and (v) apoptosis has not been 
conducted. The aim of this study was to use a pathway-based approach to evaluate single 
nucleotide polymorphisms (SNPs) from the above listed pathways as potential 
pharmacogenetic markers of the eight AEs of dopaminergic treatment, either levodopa and/or 
dopamine agonists. Furthermore, we wanted to construct clinical and clinical-
pharmacogenetic models for prediction of time to occurrence of motor complications after 
initiation of levodopa treatment.  
 
In this study we tested the following hypotheses: 
 Genetic variability in the pathways of transport, metabolism, and mechanism of action 
of dopamine, levodopa and other dopaminergic substances influences the occurrence 
and/or time to occurrence of adverse events of dopaminergic treatment in Parkinson’s 
disease. 
 Genetic variability in pathways affecting the development and progress of Parkinson’s 
disease has an influence on occurrence and/or time to occurrence of adverse events of 
dopaminergic treatment in Parkinson’s disease. 
 Clinical-pharmacogenetic models can help us to evaluate the simultaneous influence 
of certain genetic polymorphisms and clinical factors on the occurrence of adverse 
events of dopaminergic treatment in Parkinson’s disease. 
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NAMEN DELA IN HIPOTEZE 
Etiologija razvoja NU dopaminergičnega zdravljenja (motorična nihanja, diskinezije, 
prekomerna dnevna zaspanost in napadi spanja, vidne halucinacije, slabost/bruhanje, 
ortostatska hipotenzija, periferni edemi in motnja kontrole impulzov) še ni povsem 
razjasnjena in njihovega pojava ni moč predvideti. Nekateri klinični in farmakogenetski 
dejavniki so že bili identificirani kot potencialni označevalci neželenih učinkov. Vendar pa 
celostna obravnava genetske variabilnosti (i) dopaminergične in (ii) vnetne poti ter poti (iii) 
oksidativnega stresa, (iv) razvoja, proliferacije in diferenciacije nevronov in (v) apoptoze še ni 
bila opravljena in objavljena. Namen naše študije je bil s pomočjo pristopa temelječega na 
bioloških poteh ovrednotiti polimorfizme posameznih nukleotidov zgoraj omenjenih bioloških 
poti kot potencialne farmakogenetske označevalce osmih neželenih učinkov 
dopaminergičnega zdravljenja, levodope in/ali agonistov dopamina. Želeli smo tudi oblikovati 
klinične in klinično-farmakogenetske modele za napoved časa do pojava motoričnih 
komplikacij po začetku zdravljenja z levodopo. 
 
V študiji smo preverjali naslednje hipoteze: 
 Genetska variabilnost v poteh transporta, presnove in delovanja dopamina, levodope in 
drugih dopaminergičnih zdravil vpliva na pojav in/ali čas do pojava neželenih učinkov 
dopaminergičnega zdravljenja Parkinsonove bolezni. 
 Genetska variabilnost v različnih molekularnih poteh, ki lahko prispevajo k razvoju in 
poteku bolezni, lahko vpliva na pojav in/ali čas do pojava neželenih učinkov 
dopaminergičnega zdravljenja Parkinsonove bolezni. 
 S klinično farmakogenetskim modelom lahko ovrednotimo sočasen vpliv izbranih 
genetskih polimorfizmov in kliničnih dejavnikov na pojav neželenih učinkov 
dopaminergičnega zdravljenja Parkinsonove bolezni. 
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3 PARTICIPANTS AND METHODS 
3.1 Participants 
A total of 231 unrelated PD patients on dopaminergic treatment were enrolled in this 
retrospective study. Patients were recruited as they were coming for their regular appointment 
at the Department of Neurology, University Medical Centre Ljubljana, Slovenia between 
October 2016 and April 2018.  
Inclusion criteria were (i) diagnosis of PD according to the UK Parkinson’s Disease Society 
Brain Bank criteria (69) by an experienced movement disorders specialist, (ii) available 
clinical data, and (iii) at least three months of levodopa and/or dopamine agonists treatment 
duration at the time of enrolment in the study. Patients with atypical and secondary forms of 
parkinsonisms were not included in the study. 
All 231 patients were included in the analysis of SNPs from dopaminergic pathway and their 
influence on the occurrence of the eight AEs. 
A total of 224 patients, enrolled between October 2016 and January 2018, were included in 
the analysis of SNPs from inflammation and oxidative stress pathways and their influence on 
the occurrence of the eight AEs. 
A total of 220 patients were included in the part of the study, where clinical and clinical-
pharmacogenetic models for prediction of time to occurrence of motor complications after 
initiation of levodopa treatment were constructed. A few patients were excluded from the 
analysis due to missing data or because they were only treated with dopamine agonists and 
not with levodopa. 
The study protocol was approved by the Slovenian Ethics Committee for Research in 
Medicine (KME 42/05/16). All subjects gave written informed consent in accordance with the 
Declaration of Helsinki. 
3.2 Clinical data 
Demographic and clinical data were collected from structured interviews with patients and 
their caregivers as well as from medical records. 
The following demographic and clinical data were collected: (i) demographics (sex, age at 
diagnosis), (ii) disease characteristics (disease duration; type: tremor-predominant PD or 
other; body side of disease initiation), (iii) prodromal signs (RBD, depression, constipation, 
olfactory dysfunction), (iv) information on PD treatment (dopaminergic treatment duration; 
levodopa treatment duration; time from diagnosis to initiation of levodopa treatment; 
treatment with dopamine agonists; levodopa-equivalent dose (LED) at enrolment calculated 
according to (70)), (v) co-medication (beta-blockers, NSAID, calcium channel blockers, and 
statins), (vi) lifestyle data (tobacco smoking, alcohol consumption, and coffee consumption).  
The primary endpoints of the study were the eight AEs of dopaminergic treatment in PD, such 
as MF, dyskinesia, EDS and sleep attacks, visual hallucinations, nausea/vomiting, orthostatic 
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hypotension, peripheral oedema, and ICDs. AEs were treated as categorical variables, either 
present or absent. 
3.3 SNP selection 
We thoroughly searched the literature for SNPs in genes that were shown to be involved in 
the dopamine metabolism, transport, and signalling, neuroinflammation, oxidative stress, 
neuron development, proliferation, differentiation, and apoptosis in the PubMed database 
(https://www.ncbi.nlm.nih.gov/pubmed/). We have chosen 37 SNPs in twenty-three candidate 
genes with a previously reported association with processes of neurodegeneration, PD 
pathogenesis, and/or dopaminergic treatment response (16, 45, 53, 54, 71). Only functional 
polymorphisms with experimentally observed or in-silico predicted functions were analyzed 
(72). Data on genotype frequencies were retrieved from the National Center for 
Biotechnology Information (NCBI dbSNP) (73). We included SNPs with minor allele 
frequency of at least 2%.  
3.4 Genotyping analysis 
Peripheral blood samples were obtained from each patient for DNA extraction. Genomic 
DNA was isolated using the FlexiGene DNA Kit (Qiagen, Hilden, Germany) according to the 
manufacturer’s protocol.  
Thirty-four of the SNPs were genotyped with KASPar assays (KBiosciences, Herts, UK and 
LGC Genomics, UK) according to manufacturer’s instructions. Three of the SNPs (TNF 
rs1800629, GPX1 rs1050450, and CAT rs10836235) were genotyped with TaqMan 
genotyping assays (Applied Biosystems, Foster City, CA, USA) also according to the 
manufacturer’s protocol. 10% of samples were genotyped in duplicate as quality control and 
all the results were concordant. 
All patients were genotyped for 37 SNPs in the genes involved in the following pathways:  
(i) dopaminergic pathway: COMT rs4680 (p.Val158Met), and rs165815 
(p.Arg900Gln); DDC rs921451 (c.-29+5426A>G), and rs3837091 (c.-61_-
58delAGAG); MAOB rs1799836 (c.1348-36A>G); SLC6A3 rs393795 
(c.653+4065C>A), rs6347 (p.Ser405=), and rs104209 (c.*35T>C); SLC22A1 
rs628031 (p.Met216Val); SLC18A2 rs14240 (c.*294T>A); SLC7A5 rs1060253 
(c.*438C>G), and rs1060257 (c.*1282G>T); DRD2 rs1799732 (c.-486_-485insC), 
and rs1801028 (p.Ser311Cys); DRD3 rs6280 (p.Gly9Ser); SV2C rs1423099 (c.-
58C>T);  
 
(ii) neuroinflammation: NLRP3 rs35829419 (p.Gln705Lys); CARD8 rs2043211 
(p.Phe52Ile); IL1B rs16944 (c.-598T>C), and rs1143623 (c.-1560G>C); TNF 
rs1800629 (c.-308G>A); IL6 rs1800795 (c.-174G>C);  
 
(iii) oxidative stress: GPX1 rs1050450 (p.Pro200Leu); CAT rs10836235 
(c.66+78C>T), and rs1001179 (c. -262C>T); SOD2 rs4880 (p.Val16Ala); NOS1 
rs2293054 (p.Ile398=), and rs2682826 (c.*276C>T);  
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(iv) neuron development, proliferation, and differentiation: BDNF rs6265 
(p.Val66Met); NOTCH4 rs367398 (c.-25C>T); NRG1 rs10503929 (p.Met256Thr), 
rs3735782 (c.*2937C>A), rs3735781 (c.*2908A>G), and rs3924999 
(p.Arg17Gln);  
 
(v) apoptosis: BIRC5 rs9904341 (c.-31G>A), rs8073069 (c.-625G>C), and rs1787467 
(c.4065+21710C>T).  
3.5 Statistical analysis 
Median and 25th to 75th percentile range were used to describe central tendency and 
variability of continuous variables, while frequencies were used to describe the distribution of 
categorical variables. The agreement of genotype frequencies with Hardy-Weinberg 
equilibrium and univariate analyses of the individual effects of categorical variables on the 
AEs were conducted by chi-squared test. Nonparametric Mann-Whitney U-test was used for 
the assessment of the effect of numerical data on the AEs.  
Logistic regression was used to calculate odds ratios (ORs), 95% confidence intervals 
(95%CIs), and p-values to examine the associations of selected SNPs and clinical data with 
the risk for AEs of dopaminergic treatment. Dominant, additive, and recessive genetic models 
were used for analysis depending on the genotype frequencies. All statistical tests were two-
sided.  
Cox proportional hazards models were used to estimate the association of genetic 
polymorphisms and clinical covariates with the time to occurrence of motor complications 
after levodopa treatment initiation. Results were reported as p-values, hazard ratios (HR), and 
95%CI. 
Bonferroni correction was used to account for multiple comparisons to prevent false positive 
results. Power calculations were conducted by the PS Power and sample size calculations, 
version 3.0.  
Clinical models including only clinical variables were built using Cox analysis with Least 
Absolute Shrinkage and Selection Operator (LASSO) penalization. Clinical-pharmacogenetic 
models including clinical and genetic variables were built in the same way. LASSO 
penalization shrinks the estimates of the regression coefficients obtained by the Cox 
regression towards zero. The shrinkage is estimated by the tuning parameter λ, which is 
obtained by the 20-fold cross-validation of the (partial) likelihood (66).  
We constructed the clinical index from the estimated penalized regression coefficients from 
the clinical model. Furthermore, the clinical-pharmacogenetic index was derived from the 
estimated penalized regression coefficients from the clinical-pharmacogenetic model. Based 
on the penalized regression equations, multivariate signatures for individual patients were 
calculated. For both models the time-dependent ROC curves were constructed, where 
sensitivity, specificity, and tAUC (time-dependent area under the curve) were assessed. The 
predictive scoring system was estimated by selecting the threshold that provided the 
maximized sum of the cross-validated true positive rate and true negative rate. Cross-
validation (5-fold) was applied on all the predictive accuracy estimates (AUC, true and false 
positive rates) to avoid biased and over-optimistic results. The apparent and cross-validated 
estimates were reported.   
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Statistical analyses were carried out by IBM SPSS Statistics, version 21.0 (IBM Corporation, 
Armonk, NY, USA). Modelling was utilized by R software (66, 74, 75). Penalized regression 
was conducted by the package Penalized (66), while predictive capacity was evaluated by the 
package ROC632 (74). 
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4 RESULTS 
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4.1 CHAPTER 1: The influence of genetic variability in 
dopaminergic pathway on the occurrence of adverse events of 
dopaminergic treatment in Parkinson’s disease 
 
POGLAVJE 1: Vpliv genetske variabilnosti dopaminergične 
poti na pojav neželenih učinkov dopaminergičnega 
zdravljenja Parkinsonove bolezni 
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Povzetek 
Dopaminergična pot je najbolj okvarjena pot v patogenezi Parkinsonove bolezni. Nekaj študij 
je že poročalo o povezavah med dopaminergičnimi geni in pojavom neželenih učinkov 
dopaminergičnega zdravljenja. Niti ena od objavljenih študij pa ni celovito zajela večih 
biološki poti. Namen te študije je celovita obravnava vpliva polimorfizmov posameznih 
nukleotidov pomembnih genov dopaminergične poti na pojav motoričnih in nemotoričnih 
neželenih učinkov dopaminergičnega zdravljenja Parkinsonove bolezni. V študijo smo 
vključili 231 bolnikov s Parkinsonovo boleznijo. Zbrali smo njihove demografske in klinične 
podatke. Genotipizirali smo 16 polimorfizmov posameznih nukleotidov genov 
dopaminergične poti. Za statistično analizo smo uporabili logistično in Coxovo regresijo. 
Rezultate genetske analize smo prilagodili za signifikantne klinične spremenljivke. Nosilci 
vsaj enega alela COMT rs165815 C so imeli nižje obete za pojav vidnih halucinacij (OR = 
0,34; 95%CI = 0,16–0,72; p = 0,004). Nosilci vsaj enega alela DRD3 rs6280 C in homozigoti 
z genotipom CC so imeli višje obete za pojav vidnih halucinacij (OR = 1,88; 95%CI = 1,00–
3,54; p = 0,049 in OR = 3,31; 95%CI = 1,37–8,03; p=0,008). Nosilci vsaj enega alela DDC 
rs921451 C in heterozigoti z genotipom CT so imeli višje obete za pojav ortostatske 
hipotenzije (OR = 1,86; 95%CI = 1,07–3,23; p = 0,028 in OR = 2,30; 95%CI = 1,26–4,20; p = 
0,007). Heterozigoti za DDC rs3837091 in homozigoti z genotipom SLC22A1 rs628031 AA 
so imeli višje obete za pojav ortostatske hipotenzije (OR = 1,94; 95%CI = 1,07–3,51; p = 
0,028 in OR = 2,57; 95%CI = 1,11–5,95; p = 0,028). Nosilci genotipa SLC22A1 rs628031 AA 
so imeli višje obete za pojav perifernih edemov in motenj kontrole impulzov (OR = 4,00; 
95%CI = 1,62–9,88; p = 0,003 in OR = 3,16; 95%CI = 1,03–9,72; p = 0,045). Heterozigoti 
SLC22A1 rs628031 in nosilci vsaj enega alela SLC22A1 rs628031 A so imeli nižje obete za 
pojav diskinezij (OR = 0,48; 95%CI = 0,24–0,98, p = 0,043 in OR = 0,48; 95%CI = 0,25–
0,92; p = 0,027). Interakcije med geni DDC-COMT, SLC18A2-SV2C in SLC18A2-SLC6A3 so 
statistično značilno vplivale na pojav nekaterih neželenih učinkov. Haplotipa COMT in 
SLC6A3 sta bila povezana s pojavom vidnih halucinacij (AT vs. GC: OR = 0,34; 95%CI = 
0,16–0,72; p = 0,005) in ortostatske hipotenzije (ATG vs. ACG: OR = 2,48; 95%CI: 1,01–
6,07; p = 0,047). Pristop, ki temelji na celostni analizi bioloških poti, nam je omogočil 
identifikacijo novih potencialnih kandidatnih genov za napovedne označevalce neželenih 
učinkov dopaminergičnega zdravljenja Parkinsonove bolezni, kar bi lahko pripomoglo k 
personalizaciji zdravljenja. 
Ključne besede: Parkinsonova bolezen, genetski polimorfizem, dopaminergična pot, 
personalizirana medicina, neželeni učinki 
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GG 61 (26.4) 
0.264 GA 107 (46.3) 











CC 9 (3.9) 
0.856 CT 71 (30.7) 








TT 100 (43.3) 
0.007 CT 89 (38.5) 












AGAG- 81 (35.1) 






on expression and 
activity
d 
A, AA 106 (45.9) 
0.684
h 
AG 51 (22.5) 












AA 121 (52.4) 
0.311 AG 88 (38.1) 








TT 124 (53.7) 
0.401 TC 87 (37.7) 




In LD with SNPs 
affecting splicing
g 
GG 146 (63.2) 
0.305 GT 72 (31.2) 













GG 98 (42.4) 
0.587 GA 102 (44.2) 









CC 128 (55.4) 
0.031 CG 79 (34.2) 








GG 131 (56.7) 
0.026 GA 77 (33.3) 











CC 221 (95.7) 
0.737 GC 10 (4.3) 









CC 190 (82.3) 
0.999 C- 39 (16.9) 












TT 110 (47.6) 
0.111 TC 91 (39.4) 









TT 57 (24.7) 
0.159 TC 126 (54.5) 







CC 21 (9.1) 
0.490 CT 90 (39.0) 
TT 120 (51.9) 
a
Genotype missing for one patient. 
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b
Evaluated by SNP function prediction. 
c
According to Devos et al., 2014 
d
According to Hao et al., 2014 
e
According to He et al., 2016 
f
According to dbSNP (Sherry et al., 2001) 
g
According to Kaplan et al., 2014 
h
Calculated only for women due to X chromosome location. 
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Supplementary table 2: Excessive daytime sleepiness and sleep attacks, visual 
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AA (male) Ref.   Ref.   Ref.   










AA (female) Ref.   Ref.   Ref.   














































































CC 1.60 0.61- 0.337 1.83 0.67- 0.243 0.81 0.27- 0.696 
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4.16 5.02 2.38 
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*Recessive model was used. 
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AA (male) Ref.   Ref.   Ref.   










AA (female) Ref.   Ref.   Ref.   














































































CC 2.44 0.94- 0.067 1.15 0.35- 0.820 0.65 0.14- 0.582 
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6.37 3.77 3.04 
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*Recessive model was used. 
  
Redenšek S., doctoral thesis   Chapter 1 
   73 




Motor fluctuations Dyskinesia 
OR 95% CI p-value OR 95% CI p-value 
COMT 
rs4680 
GG Ref.   Ref.   
GA 1.01 0.54-1.90 0.965 0.63 0.33-1.20 0.160 
AA 1.78 0.88-3.68 0.109 1.21 0.60-2.46 0.590 
GA + AA 1.25 0.70-2.24 0.458 0.81 0.45-1.46 0.484 
COMT 
rs165815 
CC /   /   
CT /   /   
TT Ref.   Ref.   
CC+CT* 0.82 0.48-1.41 0.472 0.79 0.46-1.37 0.407 
DDC 
rs921451 
TT Ref.   Ref.   
CT 1.29 0.73-2.29 0.386 1.29 0.72-2.29 0.392 
CC 0.96 0.47-1.98 0.913 1.08 0.52-2.24 0.838 
CT+CC 1.17 0.70-1.98 0.550 1.22 0.72-2.06 0.466 
DDC 
rs3837091 
AGAGAGAG Ref.   Ref.   
AGAG- 1.48 0.84-2.62 0.176 1.83 1.04-3.24 0.037 
-- 0.73 0.32-1.66 0.448 0.73 0.31-1.75 0.480 
AGAG- + -- 1.23 0.73-2.07 0.434 1.46 0.87-2.46 0.156 
MAOB 
rs1799836 
AA (male) Ref.   Ref.   
GG (male) 0.54 0.27-1.09 0.085 0.67 0.33-1.36 0.269 
AA (female) Ref.   Ref.   
AG (female) 0.73 0.29-1.84 0.511 0.65 0.26-1.64 0.363 
GG (female) 0.64 0.20-2.04 0.445 0.68 0.21-2.18 0.515 
AG + GG 
(female) 
0.71 0.29-1.69 0.435 0.66 0.28-1.58 0.349 
SLC6A3 
rs6347 
AA Ref.   Ref.   
AG 1.20 0.69-2.08 0.525 0.94 0.54-1.64 0.835 
GG 1.14 0.46-2.84 0.775 0.86 0.34-2.16 0.747 
AG + GG 1.19 0.71-1.99 0.521 0.93 0.55-1.56 0.771 
SLC6A3 
rs1042098 
TT Ref.   Ref.   
TC 1.35 0.78-2.35 0.285 1.16 0.67-2.00 0.607 
CC 1.22 0.47-3.16 0.678 0.56 0.20-1.54 0.259 
TC + CC 1.33 0.79-2.23 0.287 1.02 0.60-1.71 0.954 
SLC6A3 
rs393795 
GG Ref.   Ref.   
GT 0.74 0.42-1.30 0.293 0.89 0.50-1.58 0.689 
TT 0.67 0.21-2.09 0.489 1.07 0.34-3.33 0.910 
GT + TT 0.73 0.43-1.24 0.245 0.92 0.53-1.57 0.749 
SLC22A1 
rs628031 
GG Ref.   Ref.   
GA 0.46 0.26-0.81 0.007 0.43 0.24-0.75 0.003 
AA 1.62 0.67-3.88 0.282 0.70 0.31-1.57 0.387 
GA + AA 0.61 0.36-1.04 0.070 0.48 0.28-82 0.007 
DRD2 
rs1801028 
CC Ref.   Ref.   
GC /   /   
GG /   /   
GC + GG 0.87 0.25-3.10 0.833 0.54 0.14-2.13 0.378 
DRD2 
rs1799732 
CC Ref.   Ref.   
C- /   /   
-- /   /   
C- + -- 0.71 0.36-1.41 0.330 0.54 0.26-1.10 0.090 
DRD3 
rs6280 
TT Ref.   Ref.   
TC 1.23 0.70-2.15 0.468 0.98 0.56-1.72 0.955 
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CC 1.10 0.49-2.47 0.814 0.60 0.26-1.40 0.237 
TC + CC 1.20 0.71-2.01 0.497 0.87 0.52-1.47 0.613 
SLC18A2 
rs14240 
TT Ref.   Ref.   
CT 0.92 0.49-1.72 0.785 0.89 0.48-1.67 0.713 
CC 0.72 0.33-1.55 0.401 0.67 0.31-1.46 0.310 
CT+CC 0.86 0.47-1.56 0.614 0.82 0.45-1.50 0.523 
SV2C 
rs1423099 
CC 0.68 0.27-1.73 0.417 1.02 0.40-2.59 0.976 
CT 1.18 0.68-2.05 0.549 1.13 0.65-1.96 0.66 
TT Ref.   Ref.   
CC+CT* 1.06 0.63-1.79 0.813 1.11 0.66-1.87 0.697 
*Recessive model was used. 
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Supplementary table 5: Haplotype analysis for the COMT gene 
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Supplementary table 6: Haplotype analysis for the DDC gene 
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Supplementary table 7: Haplotype analysis for the SLC6A3 gene 


















































































































































Redenšek S., doctoral thesis   Chapter 1 
   78 
Supplementary table 8: Haplotype analysis for the DRD2 gene 
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Supplementary figure 1: Schematic figure of the dopaminergic system 
© 2018 REDENŠEK Sara, TROŠT Maja, DOLŽAN Vita. Adapted from Redenšek et al., 2018; 
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Supplementary figure 2: Results of survival analysis for significant associations after univariate 
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4.2 CHAPTER 2: The influence of genetic variability in 
neuroinflammation and oxidative stress pathways on the 
occurrence of adverse events of dopaminergic treatment in 
Parkinson’s disease 
 
POGLAVJE 2: Vpliv genetske variabilnosti vnetnih poti in 
poti oksidativnega stresa na pojav neželenih učinkov 
dopaminergičnega zdravljenja Parkinsonove bolezni 
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Genetic variability of inflammation and oxidative stress genes does not play 
a major role in the occurrence of adverse events of dopaminergic treatment 
in Parkinson's disease 
 
Genetska variabilnost vnetnih poti in poti oksidativnega stresa nima 
pomembne vloge pri pojavu neželenih učinkov dopaminergičnega 
zdravljenja Parkinsonove bolezni 
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Povzetek 
Ozadje: Vnetje in oksidativni stres sta znana kot pomembna procesa pri nastanku 
Parkinsonove bolezni. Genetska variabilnost teh poti bi lahko vplivala na dovzetnost za pojav 
bolezni in tudi na odgovor na zdravljenje. Dopaminergično zdravljenje je učinkovito pri 
lajšanju motoričnih simptomov, vendar lahko povzroča motorične in nemotorične neželene 
učinke. Namen te študije je bila obravnava vpliva polimorfizmov posameznih nukleotidov v 
genih vnetnih poti in poti oksidativnega stresa na dovzetnost za Parkinsonovo bolezen in na 
pojav neželenih učinkov dopaminergičnega zdravljenja. 
Metode: V študijo je bilo vključenih 224 bolnikov. Zbrali smo njihove demografske in 
klinične podatke. V študijo je bila vključena tudi skupina zdravih slovenskih krvodajalcev za 
analizo tveganja za pojav Parkinsonove bolezni. Zbrali smo vzorce periferne venske krvi za 
izolacijo DNA. Pri vseh preiskovancih smo z genotipizacijo preverili prisotnost sledečih 
genetskih polimorfizmov: NLRP3 rs35829419, CARD8 rs2043211, IL1β rs16944, IL1β 
rs1143623, IL6 rs1800795, CAT rs1001179, CAT rs10836235, SOD2 rs4880, NOS1 
rs2293054, NOS1 rs2682826, TNF-α rs1800629 in GPX1 rs1050450. Za analizo potencialnih 
povezav smo uporabili logistično regresijo. 
Rezultati: Alel IL1β rs1143623 C je bil mejno povezan s tveganjem za razvoj Parkinsonove 
bolezni (OR = 0,59; 95%CI = 0,38–0,92, p = 0,021). Alel CAT rs1001179 A je bil 
signifikantno povezan s pojavom perifernih edemov (OR = 0,32; 95%CI = 0,15–0,68; p = 
0,003). Ostale opažene povezave so bile le mejno značilne po prilagoditvi za signifikantne 
klinične parametre: alel NOS1 rs2682826 A je bil mejno povezan s prekomerno dnevno 
zaspanostjo in napadi spanja (OR = 1,75; 95%CI = 1,00–3,06, p = 0,048); alel SOD2 rs4880 T 
s slabostjo/bruhanjem (OR = 0,49, 95%CI = 0,25–0,94; p = 0,031), alel IL1β rs1143623 C z 
ortostatsko hipotenzijo (OR = 0,57, 95%CI = 0,32–1,00, p = 0,050); alel NOS1 rs2682826 A z 
motnjo kontrole impulzov (OR = 2,59, 95%CI = 1,09-6,19, p = 0,032). Med izbranimi 
polimorfizmi in motoričnimi neželenimi učinki nismo zaznali nobenih povezav. 
Zaključki: Poleg signifikantne povezave med genetsko variabilnostjo CAT in perifernimi 
edemi smo opazili še nekaj mejno signifikantnih povezav. Rezultati te študije tako nakazujejo 
povezavo med genetsko variabilnostjo vnetnih poti in poti oksidativnega stresa in 
nemotoričnimi neželenimi učinki dopaminergičnega zdravljenja. Izbrani polimorfizmi 
verjetno vseeno nimajo zelo pomembne vloge pri pojavu bolezni in neželenih učinkov 
dopaminergičnega zdravljenja.  
Ključne besede: Parkinsonova bolezen, dovzetnost, polimorfizem, vnetje, oksidativni stres, 
neželeni učinki 
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>3.768 >3.722 >3.815 >4.146 
average 
MAF 
<0.371, >2.257 <0.365, >2.260 <0.343, >2.326 <0.293, >2.519 
max 
MAF 












>3.976 >3.790 >4.541 >5.220 
average 
MAF 
<0.317, >2.420 <0.350, >2.307 <0.243, >2.747 <0.173, >3.146 
max 
MAF 
<0.415, >3.080 <0.435, >2.805 <0.365, >3.977 <0.318, >5.471 
Numbers in the table represent ORs that can be detected with 80% certainty if the difference between 
groups really exists. 
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Evaluated using SNP function prediction [8]. 
MAF – minor allele frequency 
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GA + AA 1.33 0.77- 0.312 1.02 0.56- 0.960 0.84 0.50- 0.542 
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2.30 1.86 1.49 
NOS1 
rs2682826 
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*Recessive model was used. 
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NOS1 
rs2682826 
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*Recessive model was used. 
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Motor fluctuations Dyskinesia 
OR 95% CI p-value OR 95% CI p-value 
NLRP3 
rs35829419 
CC Ref.   Ref.   
CA 0.68 0.30-1.53 0.349 0.88 0.39-1.99 0.758 
AA /   /   
CA + AA 0.74 0.33-1.63 0.449 0.96 0.43-2.14 0.919 
CARD8 
rs2043211 
AA Ref.   Ref.   
AT 0.75 0.43-1.33 0.325 1.22 0.69-2.17 0.488 
TT 1.68 0.72-3.94 0.230 1.71 0-76-3.88 0.196 
AT + TT 0.92 0.54-1.55 0.744 1.33 0.78-2.23 0.288 
IL1β* 
rs16944 
AA 1.18 0.49-2.84 0.706 1.24 0.52-2.96 0.632 
AG 1.09 0.62-1.91 0.766 1.05 0.60-1.84 0.877 
GG Ref.   Ref.   
AA + AG 1.11 0.66-1.87 0.700 1.09 0.64-1.84 0.762 
IL1β 
rs1143623 
GG Ref.   Ref.   
GC 1.11 0.63-1.94 0.723 1.26 0.72-2.20 0.427 
CC 1.24 0.41-3.76 0.710 1.43 0.47-4.30 0.529 
GC + CC 1.13 0.66-1.92 0.665 1.28 0.75-2.19 0.366 
TNFα 
rs1800629 
GG Ref.   Ref.   
GA 0.93 0.51-1.79 0.822 1.05 0.57-1.91 0.883 
AA 3.16 0.64-15.69 0.160 1.66 0.43-6.42 0.462 
GA + AA 1.08 0.61-1.91 0.799 1.11 0.63-1.97 0.714 
IL6 
rs1800795 
GG Ref.   Ref.   
GC 0.65 0.35-1.20 0.164 0.84 0.46-1.54 0.569 
CC 0.54 0.24-1.20 0.128 0.69 0.31-1.54 0.360 
GC + CC 0.62 0.34-1.11 0.108 0.80 0.45-1.43 0.447 
NOS1 
rs2293054 
GG Ref.   Ref.   
GA 1.16 0.67-2.01 0.603 0.75 0.43-1.31 0.316 
AA 0.63 0.23-1.77 0.384 0.60 0.21-1.74 0.350 
GA + AA 1.05 0.62-1.78 0.854 0.73 0.43-1.24 0.238 
NOS1 
rs2682826 
GG Ref.   Ref.   
GA 0.85 0.49-1.46 0.550 0.79 0.46-1.37 0.406 
AA 1.25 0.42-3.74 0.695 1.02 0.34-3.00 0.978 
GA + AA 0.89 0.53-1.51 0.663 0.82 0.48-1.39 0.459 
GPX1 
rs1050450 
CC Ref.   Ref.   
CT 1.55 0.89-2.70 0.120 1.23 0.71-2.13 0.472 
TT 1.56 0.56-4.38 0.400 0.98 0.35-2.75 0.965 
CT + TT 1.55 0.92-2.63 0.103 1.18 0.70-2.01 0.533 
CAT 
rs10836235 
CC Ref.   Ref.   
CT 1.23 0.64-2.36 0.533 1.45 0.76-2.77 0.261 
TT 0.61 0.10-3.73 0.590 0.93 0.15-5.68 0.934 
CT + TT 1.15 0.62-2.14 0.663 1.39 0.75-2.59 0.301 
CAT 
rs1001179 
GG Ref.   Ref.   
GA 0.89 0.52-1.52 0.662 1.16 0.67-2.00 0.600 
AA 1.27 0.34-4.74 0.719 3.36 0.83-13.62 0.090 
GA + AA 0.92 0.54-1.55 0.750 1.28 0.75-2.18 0.362 
SOD2 
rs4880 
CC Ref.   Ref.   
CT 1.50 0.81-2.79 0.200 1.23 0.66-2.28 0.517 
TT 0.85 0.41-1.77 0.658 0.72 0.34-1.53 0.396 
CT + TT 1.25 0.70-2.22 0.456 1.04 0.58-1.86 0.897 
*Recessive model was used. 
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4.3 CHAPTER 3: Clinical-pharmacogenetic models for 
prediction of adverse events of dopaminergic treatment of 
Parkinson’s disease 
POGLAVJE 3: Klinično-farmakogenetski modeli za napoved 
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Povzetek 
Odgovor na dopaminergično zdravljenje Parkinsonove bolezni je odvisen od različnih 
kliničnih in genetskih dejavnikov. Precej pogosta motorična nihanja in diskinezije prizadenejo 
približno polovico bolnikov po petih letih zdravljenja z levodopo. S pomočjo kliničnih in 
klinično-farmakogenetskih modelov smo preverili sočasen vpliv 16 kliničnih dejavnikov in 34 
polimorfizmov posameznih nukleotidov na čas do pojava motoričnih komplikacij po začetku 
zdravljenja z levodopo. Preverili in primerjali smo tudi napovedne vrednosti oblikovanih 
modelov. V študijo smo vključili 220 bolnikov s Parkinsonovo boleznijo. Zbrali smo njihove 
demografske, klinične in genetske podatke. Sočasen vpliv kliničnih in genetskih dejavnikov 
smo preverili z LASSO (ang. The Least Absolute Shrinkage and Selection Operator) 
penalizirano Coxovo regresijo. Oblikovali smo klinične in klinično-farmakogenetske modele. 
Napovedne vrednosti modelov smo ocenili s pomočjo navzkrižno validirane površine pod 
časovno odvisno krivuljo ROC (lastnost delovanja sprejemnika, ang. receiver operating 
characteristic). Klinično-farmakogenetski model za napoved časa do pojava motoričnih 
nihanj je vključeval starost ob diagnozi (HR=0,99), čas od diagnoze do začetka zdravljenja z 
levodopo (HR=1,24), COMT rs165815 (HR=0,90), DRD3 rs6280 (HR=1,03) in BIRC5 
rs9904341 (HR=0,95). Klinično-farmakogenetski model za napoved časa do pojava diskinezij 
je vključeval ženski spol (HR=1,07), starost ob diagnozi (HR=0,97), tremorozno obliko 
Parkinsonove bolezni (HR=0,88), zdravljenje z antagonisti adrenergičnih receptorjev beta 
(HR=0,95), uživanje alkohola (HR=0,99), čas od diagnoze do začetka zdravljenja z levodopo 
(HR=1,15), CAT rs1001179 (HR=1,27), SOD2 rs4880 (HR=0,95), NOS1 rs2293054 
(HR=0,99), COMT rs165815 (HR=0,92) in SLC22A1 rs628031 (HR=0,80). Površini pod 
krivuljama za klinični in klinično-farmakogenetski model za napoved motoričnih nihanj po 
petih letih zdravljenja z levodopo sta bili 0,68 in 0,70. Površini pod krivuljama za klinični in 
klinično-farmakogenetski model za napoved diskinezij po petih letih zdravljenja z levodopo 
sta bili 0,71 in 0,68. Glede na te rezultate lahko zaključimo, da klinično-farmakogenetski 
modeli nimajo bistveno boljše napovedne vrednosti v primerjavi s kliničnimi modeli, ne glede 
na to da je bilo nekaj polimorfizmov značilno povezanih s časom do pojava motoričnih 
komplikacij. Modele bi lahko izboljšaili z večjim vzorcem vključenih bolnikov in z dodatnimi 
polimorfizmi, epigenetskimi dejavniki ali serumskimi označevalci. 
Ključne besede: Parkinsonova bolezen, polimorfizmi, farmakogenetika, personalizirana 
medicina, motorična nihanja, diskinezije, dopaminergično zdravljenje 
  
Redenšek S., doctoral thesis   Chapter 3 
   107 
  
Redenšek S., doctoral thesis   Chapter 3 
   108 
 
Redenšek S., doctoral thesis   Chapter 3 
   109 
 
Redenšek S., doctoral thesis   Chapter 3 
   110 
 
Redenšek S., doctoral thesis   Chapter 3 
   111 
 
Redenšek S., doctoral thesis   Chapter 3 
   112 
 
Redenšek S., doctoral thesis   Chapter 3 
   113 
 
Redenšek S., doctoral thesis   Chapter 3 
   114 
 
Redenšek S., doctoral thesis   Chapter 3 
   115 
 
Redenšek S., doctoral thesis   Chapter 3 
   116 
 
Redenšek S., doctoral thesis   Chapter 3 
   117 
 
Redenšek S., doctoral thesis   Chapter 3 
   118 
  
Redenšek S., doctoral thesis   Chapter 3 
   119 
Supplementary table 1: Association of clinical and genetic variables with the time to occurrence 
of motor fluctuations after levodopa treatment initiation evaluated with univariate Cox 
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CA 28 1.02 
0.57- 1.81 
0.955 








AT 87 0.92 
0.62 -1.38 
0.711 








0.899 0 1.00 
AG 90 0.88 0.59 -1.29 
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0.502 






GC 76 0.83 
0.57-1.23 
0.355 








GA 59 0.79 
0.52-1.23 
0.298 








GC 120 0.89 
0.59-1.33 
0.572 








CT 90 1.27 
0.87-1.86 
0.217 









CT 47 0.87 
0.57-1.35 
0.546 








GA 90 0.95 
0.65-1.38 
0.778 








CT 106 0.70 
0.45-1.08 
0.106 






















GA 100 1.06 
0.73-1.54 
0.758 









GA 100 1.26 
0.80-2.00 
0.318 










CT 68 0.68 
0.45-1.02 
0.063 
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CT 83 0.91 
0.61-1.35 
0.624 









0 1.00 AGAG- 76 1.10 
0.75-1.62 
0.623 








AG 50 1.20 
0.76-1.91 
0.433 









AG 83 1.07 
0.73-1.58 
0.723 








TC 83 1.20 
0.82-1.75 
0.353 








GT 69 0.85 
0.57-1.27 
0.436 








GA 98 0.79 
0.53-1.19 
0.265 






Ref. 0 1.00 














CT 86 1.13 
0.78-1.65 
0.522 






0 1.00 GC 10 1.00 
0.41-2.46 
0.999 






C- 37 0.88 
0.52-1.47 
0.619 
-- 2 8.89 
1.19-66.18 
0.033 
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TC 86 1.28 
0.86-1.89 
0.222 








GA 83 1.20 
0.83-1.75 
0.337 








GA 102 0.80 
0.54-1.17 
0.242 








TC 72 0.83 
0.56-1.22 
0.343 










AC 115 1.04 
0.69-1.57 
0.858 






GA 105 1.21 
0.82-1.79 
0.348 








TC 89 0.83 
0.57-1.22 
0.347 








GC 103 0.77 
0.52-1.16 
0.212 








CG 71 0.98 
0.67-1.45 
0.929 
CC 8 1.00 
0.31-3.19 
0.997 
*According to dbSNP (Sherry et al., 2001) 
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Supplementary table 2: Association of clinical and genetic variables with the time to occurrence 
of dyskinesia after levodopa treatment initiation evaluated with univariate Cox regression and 
LASSO penalized Cox regression analyses 
Patient characteristic 

























Body side of disease 
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0 1.00 GC 0.77 
0.24-2.44 
0.659 










DRD3 rs6280 TT Ref. 0 1.00 
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*The unrounded estimate of the coefficient is 0.999998. The direction of the effect can be 
identified from this unrounded number and from the negative sign of the corresponding 
regression coefficient. 
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5 DISCUSSION 
5.1 Overview 
In this thesis we report results of a comprehensive pharmacogenetic study of dopaminergic 
treatment in PD patients. We evaluated associations between several clinical and genetic 
parameters and the occurrence of eight most frequent AEs of dopaminergic treatment in PD: 
MF, dyskinesia, EDS and sleep attacks, visual hallucinations, nausea/vomiting, orthostatic 
hypotension, peripheral oedema and ICDs. We observed several associations between the 
investigated genetic parameters and the occurrence of different AEs that have not been 
reported before. We have also constructed clinical and clinical-pharmacogenetic models for 
prediction of time to occurrence of motor complications after levodopa treatment initiation. 
Such models could enable the development of clinical algorithms that would allow 
identification of patients with increased risk for earlier development of motor complications. 
Our findings may contribute to elucidation of pathogenesis of certain AEs and more 
importantly, they may support  personalized PD treatment. 
5.2 General clinical characteristics of Parkinson’s disease patients included in 
the study and their influence on the occurrence of adverse events 
PD patients were consecutively included in the study group as they were coming for their 
regular check-ups. Clinical characteristics of our study group were comparable to 
characteristics of PD patients included in previously reported studies. As reported in previous 
studies, in our study more than half of patients were also males (3, 59). Male-to-female ratio 
is in general 3:2, which means that males may be more prone to development of PD (1). Age 
at diagnosis in our cohort was also similar to cohorts from other pharmacogenetic studies (59, 
76-79). More than half of patients experienced first symptoms on the right side, which was 
already observed in previous studies (59). As expected, the majority of patients experienced 
the tremor-predominant PD (59). Approximatelly, 75% of patients were treated with 
dopamine agonists sometime in the course of the disease, which is also comparable to 
previous studies (80-82). The median disease duration of the patients enrolled in this study 
was 7.6 years, which is approximately the disease duration of patients included in other 
pharmacogenetic studies (76-79, 83, 84). The prevalence of AEs was also in accordance with 
previously reported studies. Approximately half of the patients experienced MF and 
dyskinesia, which is in line with the median levodopa treatment duration of 6.1 years (2.3 – 
11.1 years) and with the fact that approximately half of patients experience these two AEs in 
the first five years of levodopa treatment (62). Non-motor AEs were less frequent in our study 
group compared to motor AEs. Similar observations were reported in other studies (62). 
Several clinical parameters have been associated with different AEs after the univariate 
logistic regression analysis. Significant and nominally significant clinical parameters were 
also used for adjustment of statistically significant or nominally significant associations of 
genetic parameters with AEs. Women had higher odds for the development of 
nausea/vomiting, which was already reported in a previous study (77). We observed that 
patients with tremor-predominant PD suffer from motor complications less frequently, which 
corresponds to the fact that the course of this type of disease is usually milder in comparison 
to the akinetic-rigid type (59). Moreover, treatment with dopamine agonists increased odds 
for the development of motor complications, nausea/vomiting and ICDs. Associations with 
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nausea/vomiting and ICDs were reported previously and can be explained by the elevated 
dopaminergic stimulation due to dopaminergic treatment (85, 86). Treatment with dopamine 
agonists is generally believed to postpone motor complications compared to levodopa 
treatment. However, patients that had already been treated with dopamine agonists also had 
higher LED and longer disease duration, which are both risk factors for development of motor 
complications (87). All AEs except for peripheral oedema were also associated with at least 
one of the continuous clinical parameters, namely age at diagnosis, disease duration, 
dopaminergic treatment duration, levodopa treatment duration, and LED at enrolment. Higher 
odds for occurrence of AEs were associated with earlier diagnosis of PD, longer disease 
duration, longer duration of dopaminergic treatment or only levodopa treatment, and higher 
LED at enrolment. All the reported associations were expected and in concordance with the 
respective molecular mechanisms (60, 88, 89). The observed significant and nominally 
significant associations suggest that our study group represents the majority of PD patients 
rather well.  
5.3 Dopaminergic pathway genes influence adverse events related to 
dopaminergic treatment in Parkinson's disease 
Dopaminergic pathway is the most important effector pathway involved in PD pathogenesis. 
Genetic variability of this pathway may influence metabolism, transport, and signalling of 
dopamine and may thus affect treatment response in terms of AEs and efficacy, as reported by 
several studies (16, 62, 90-92). However, pharmacogenetic studies of dopaminergic pathway 
in PD have mostly focused on individual genes. None of the studies adopted a pathway based 
approach so far, which would enable a comprehensive evaluation of the genetic variability of 
dopaminergic pathway and its influence on occurrence of AEs on the same population of PD 
patients. Within our study we performed a comprehensive evaluation of selected SNPs from 
dopaminergic pathway. We expanded our statistical analysis from univariate logistic 
regression analysis to analysis of gene-gene interactions and haplotype analysis. Our study is 
the first pharmacogenetic study in the field of dopaminergic treatment in PD to include such a 
comprehensive list of SNPs from dopaminergic pathway. 
Our selection of SNPs included primarily common functional SNPs. In the COMT we 
selected two nonsynonymous SNPs from the coding region (rs4680 p.Val158Met and 
rs165815 p.Arg900Gln) that influence splicing. The rs4680 is associated with reduction in 
enzyme activity (84). In the DDC we selected two intron SNPs (rs921451 c.-29+5426A>G 
and rs3837091 c.-61_-58delAGAG) that both reduce expression and/or activity of the 
enzyme. They were both already studied in association with motor response to levodopa (93). 
One intron SNP within the MAOB (rs1799836 c.1348-36A>G) was selected due to its 
previous association with dyskinesia. This SNP changes expression and activity of the 
enzyme. Allele A is associated with elevated levels of mRNA and increased activity (84, 94). 
Three SLC6A3 SNPs (rs6347 p.Ser405=, rs1042098 c.*35T>C, and rs393795 
c.653+4065C>A) influencing splicing were selected (72). A nonsynonymous SLC22A1 SNP 
rs628031 (p.Met216Val) that may influence splicing was selected due to its previous 
association with the levodopa dose. This SNP is involved in the efficacy of the levodopa 
transport to the brain (95). A nonsynonymous DRD2 rs1801028 (p.Ser311Cys) SNP that may 
influence the expression of DRD2 was also selected for the analysis (72). DRD2 rs1799732 
(c.-486_-485insC) that may lower the expression of this receptor was also selected for 
analysis (77). In addition, we have also included a widely studied DRD3 rs6280. This SNP 
has already been associated with several different AEs of dopaminergic treatment as it 
increases the binding affinity of the receptor leading to greater reward-related dopamine 
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release (83). Two SNPs from genes involved in the vesicular storage of dopamine SV2C 
rs1423099 (c.-58C>T) and SLC18A2 rs14240 (c.*294T>A) that may influence splicing were 
also selected (72). 
We have detected several associations that confirm the results of previous studies. However, 
we were not able to confirm all of the associations that were published previously. 
Nevertheless, we observed some new associations with potential genetic markers that have 
not been reported before.  
Among the genes coding for monoaminergic metabolic enzymes several associations of the 
respective SNPs with AEs of dopaminergic treatment has already been observed in previous 
studies. The most widely studied SNP rs4680 has already been associated with MF, 
dyskinesia, daytime sleepiness, levodopa dose, and levodopa treatment response (84, 94, 96-
100). We did not find associations with this SNP in our cohort due to various possible 
reasons. One of them is that studies that detected the association of the COMT rs4680 with 
AEs were conducted on different populations, such as Japanese and Chinese (94, 99, 100). 
Another study found an association of a haplotype including the SNP rs4680 with dyskinesia 
(96). This study included a different set of SNPs in the analysis as we did in our study, so the 
results are not comparable. Furthermore, another study found association of this SNP with 
daytime sleepiness, but the study cohort was rather small as only 46 patients were included 
(98). We believe that the results of our study cannot be directly compared to the previously 
published studies due to different approaches and characteristics of study groups. However, 
we observed an association of the COMT rs165815 C allele with lower odds for development 
of visual hallucinations. This SNP has never been studied in PD yet, but it had been 
associated with various psychiatric disorders (101). Genetic variability of the DDC was 
previously associated with motor response to acute levodopa treatment (93), but associations 
with AEs have not been reported yet. In our study group, genetic variability of the DDC gene 
was associated with the occurrence of orthostatic hypotension. Both tested DDC SNPs 
appeared to be protective against orthostatic hypotension. We speculate that lower enzyme 
activity due to polymorphic alleles of the investigated DDC SNPs leads to lower 
concentration of norepinephrine, which may lead to vasodilatation (102). This could be a 
mechanism of orthostatic hypotension development supportive of the mechanism triggered by 
the dopaminergic drugs.  
We have also evaluated the influence of certain mechanistically important gene-gene 
interactions on the occurrence of AEs. We have observed that interactions between COMT 
and DDC SNPs may affect the development of visual hallucinations and EDS and sleep 
attacks. The observed association revealed decreased odds for development of these two AEs, 
which may correspond to the lower activity of the DDC related to these SNPs and thus to 
lowered dopaminergic stimulation (103, 104). In the haplotype analysis we observed an 
association of the COMT haplotype with development of visual hallucinations as well. From 
our analysis we can conclude that the COMT rs165815 might be a good biomarker of 
protection against visual hallucinations, which are quite troublesome for the PD patients. 
Among the investigated transporters the SLC22A1 appeared to be the most important risk 
factor for the development of different AEs. The investigated SLC22A1 rs628031 SNP was 
associated with four different AEs of dopaminergic treatment, namely orthostatic 
hypotension, peripheral oedema, ICDs, and dyskinesia. Genetic variability of this particular 
gene is probably important in the overall drug action (71). This SNP has already been 
associated with type 2 diabetes susceptibility and with response to the metformin treatment 
(105, 106). It has long been debated whether type 2 diabetes and PD share similar molecular 
Redenšek S., doctoral thesis   Discussion 
   130 
mechanisms (107-109). In the gene-gene interaction analysis we have observed some 
important associations of transporter genotypes with AEs. Gene-gene interactions between 
SLC18A2 – SV2C and SLC18A2 – SLC6A3 lowered odds for development of 
nausea/vomiting. The mechanisms of these associations are not fully understood. We 
speculate that these associations may probably contribute to the central causes of this AE 
(110). Furthermore, the haplotype analysis revealed that a particular SLC6A3 haplotype may 
be associated with increased odds for development of orthostatic hypotension. 
Genotypes of dopamine receptors were previously associated with response to dopaminergic 
treatment (77, 111, 112). We confirmed an association of the DRD3 rs6280 CC genotype with 
increased risk for development of visual hallucinations, which was reported in a previous 
study (111). This SNP modifies intracellular signaling via higher binding affinity of the 
receptor, which leads to elevated dopaminergic stimulation and may lead to increased risk for 
development of visual hallucinations. This SNP has already been associated with PD onset at 
younger age (113) and decision making in PD patients (114). We did not manage to confirm 
associations of the DRD2 rs1799732 with dyskinesia and nausea/vomiting, probably due to 
the fact that these results were obtained in the Brazilian population, which is in some 
characteristics different from the general European population (77, 112).  
There are also other genes and SNPs within the dopaminergic pathway worth investigating in 
the future pharmacogenetic studies. Other dopamine receptors (DRD1, DRD4, DRD5) or 
metabolic enzymes such as aldehyde dehydrogenase may also affect treatment response. 
Furthermore, additional proteins involved in the vesicular storage of dopamine and exocytosis 
could also make promising candidates for genetic biomarkers of treatment response. Reduced 
vesicular storage of dopamine may in fact cause progressive nigrostriatal neurodegeneration 
(115). It has already been suggested that abberant dopamine exocytosis might be involved in 
pathological phenotypes related to PD (116). 
5.4 Genetic variability of inflammation and oxidative stress genes does not play 
a major role in the occurrence of adverse events of dopaminergic treatment 
in Parkinson's disease 
In our study we also investigated genetic variability of pathways affecting PD susceptibility 
and their association with response to dopaminergic treatment in terms of AEs occurrence. In 
the first part of the study, we performed a thorough literature search to identify pathways 
involved in PD pathogenesis based on the GWAS results. We extracted top hits of GWAS and 
their meta-analyses published until 2016, searched the literature for their putative function, 
and identified seven cellular pathways that these top signals were involved in. These 
pathways were: protein aggregation; protein and membrane trafficking; lysosomal autophagy; 
immune system; neurodevelopment, neuron cell differentiation and survival; mitochondrial 
homeostasis; other processes (10). In combination with thorough literature search on 
candidate gene and functional studies, we decided to investigate genetic variability of the 
immune system processes, more specifically genes involved in neuroinflammation and 
oxidative stress. We have selected nine genes that are directly involved in the signalling 
processes of inflammation and in the oxidative stress pathway. We have chosen functional 
SNPs to be able to mechanistically explain the potential associations. We analysed SNPs that 
were previously studied on other populations for associations with different but related 
phenotypes or were only functionally characterized with functional studies on cell or animal 
models. However, in our population they have never been studied for the association with PD 
risk and the eight AEs of dopaminergic treatment. Therefore we have investigated their 
Redenšek S., doctoral thesis   Discussion 
   131 
association with the risk for PD and also evaluated if their respective SNPs influence the 
treatment response. 
Within the nine investigated genes we have chosen twelve SNPs for the genotyping analysis. 
Six SNPs from the neuroinflammation pathway were investigated. NOS1 rs2293054 
(p.Ile398=) and rs2682826 (c.*276C>T) were selected due to their influence on splicing and 
miRNA binding, respectively. A nonsynonymous GPX1 rs1050450 (p.Pro200Leu) was 
selected due to its effect on splicing, which causes reduced activity of the enzyme (72, 117). 
In the CAT two SNPs , rs10836235 (c.66+78C>T) and rs1001179 (c. -262C>T), were selected 
due to their effect on the transcription factor binding, which affects gene transcription (117). 
In the SOD2 we selected the most broadly studied SNP, the nonsynonymous rs4880 
(p.Val16Ala) from the coding region that lowers the SOD activity (117). Additional six SNPs 
were selected from the oxidative stress pathway. The nonsynonymous NLRP3 rs35829419 
(p.Gln705Lys) from the coding region increases the function of the protein and is associated 
with the pro-inflammatory phenotype (118). Within the inflammasome CARD8 rs2043211 
(p.Phe52Ile) introduces a stop codon into the gene sequence, which is why we included it in 
the analysis. This SNP results in a nonfunctional protein and leads to the loss of CARD8 
inhibition of caspase-1 (118). Two IL1β promoter SNPs were selected. The rs16944 (c.-
598T>C) and rs1143623 (c.-1560G>C) both influence transcription factor binding (72). 
Furthermore, two frequently studied promoter SNPs were analysed from the TNF and IL6, 
rs1800629 (c.-308G>A) and rs1800795 (c.-174G>C), respectively. The TNF rs1800629 has 
been shown to increase the rate of transcription and production of the protein (119). The IL6 
rs1800795 lowers the level of the protein (120). 
In the risk analysis we only found one nominally significant association of the IL1β 
rs1143623 with PD risk. Part of the reason why we did not find any significant association 
might be due to the fact that our control group was rather small and that the control and study 
groups were not matched by sex and age. There is a rather limited number of association 
studies in this specific field available for comparisons and their results are often discrepant. 
Some studies were not able to find any associations between neuroinflammation-related SNPs 
and PD risk (121-123). Genetic variability of the NOS1 was associated with increased risk for 
PD in one study, althogh this study was conducted on an Indian population of PD patients 
(124).  
We found an association between the NOS1 rs2682826 A allele and increased odds for 
development of EDS and sleep attacks. This association may be explained with the results of 
a functional study on mouse models. It has been shown that NOS1 knockout mice spent less 
time in the REM and non-REM sleep phases during the night, so they are more prone to EDS 
and sleep attacks during the day (125, 126). One study reported no association between NOS1 
rs2682826 and dyskinesia, which is in line with our findings (39). However, a functional 
study on mouse models showed that inhibition of the nNOS attenuated the development of the 
levodopa induced dyskinesia. This suggests that nNOS-derived NO is involved in the 
development of this AE through a post-synaptic mechanism (127). No other AE has been 
associated with the NOS1 so far. 
Nausea/vomiting was associated with the SOD2 rs4880 T allele. The direct functional 
explanation for this association is lacking at the moment. However, it has been suggested that 
oxidative stress in the enteric nervous system, which might be the origin of the PD 
pathogenesis (128), may be associated with gastrointestinal complications in the diabetes 
patients (129). Furthermore, the expression level of the SOD2 has been negatively correlated 
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with the UPDRS score, which indicates that this could be a potential marker of PD prognosis 
(130). 
IL1β rs1143623 C allele was associated with decreased odds for development of the 
orthostatic hypotension. It has been suggested several times that inflammation in general can 
increase autonomic dysfunction and thus also orthostatic hypotension occurrence (131, 132). 
The fact that the SNP associated with orthostatic hypotension decreases the promoter activity, 
which may lead to lowered expression of the IL1β, may explain the decreased risk of 
development of this AE. These inflammation related processes may only be supportive of the 
effect of dopaminergic drugs on the autonomic nervous system, which is the main cause for 
orthostatic hypotension development in PD. 
Our data also suggest that CAT rs1001179 A allele significantly lowers odds for development 
of the peripheral oedema. This was the only association that remained significant even after 
adjustment for significant clinical parameters. The pathology of this AE is not fully 
understood and this association can unfortunately not be fully explained yet as well. However, 
this strong association indicates that further studies in this field are warranted. 
NOS1 rs2682826 A allele was associated with higher odds for ICDs. NOS1 genotype has 
already been associated with anxiety, depression, and obsessive compulsive disorder. 
Together with our finding, this data suggest that NOS1 should be considered as another 
plasticity gene, because its variants are associated with different coping strategies (133). 
In our study we have intentionally chosen genes with broad implications in other 
inflammation-associated brain conditions as well. For the use in clinical practice, which is our 
main goal, it would be ideal if we were able to construct an inflammation and/or oxidative 
stress pathway panel of genes for testing patients with several different inflammation-
associated brain conditions. This way we would be able to test patients with different diseases 
with the same panel of genes to personalize their treatment. Such approach would be more 
cost-effective, less complicated to implement into clinical laboratories and also more realistic 
to actually be used. We also included genes that we already had some previous knowledge of, 
so we were able to critically evaluate the results. 
There are however several other neuroinflammation and oxidative stress related genes that 
could be investigated to evaluate their association with AEs of dopaminergic treatment. Genes 
of the HLA region have been associated with PD risk in the candidate gene studies and also in 
the GWAS, which shows that it might be beneficial to investigate this region in the 
pharmacogenetic studies as well (10). Toll-like receptors (TLRs) are important mediators of 
inflammatory responses by recognition of many pathogen-related molecules and endogenous 
proteins related to immune activation. The association of different TLR genes has already 
been investigated in several risk studies and some significant associations were observed 
(134, 135). In the processes of oxidative stress there are genes involved in the PD 
pathogenesis and would warrant further research in the field of pharmacogenetics as well. 
Several studies have shown that Nrf2 (nuclear factor (erythroid-derived 2)-like 2; NFE2L2) is 
involved in PD pathogenesis. Nrf2 is a transcription factor, which regulates expression of 
many antioxidant and detoxification pathway genes. It has been observed that Nrf2 has 
neuroprotective characteristics in the PD mouse models. Furthermore, specific haplotypes 
were associated with PD risk in two independent European populations (Swedish and Polish). 
Based on this, pharmacogenetic studies are warranted to investigate effects of genetic 
variability of the NFE2L2 on the occurrence of the AEs (136, 137).  
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5.5 Clinical-pharmacogenetic predictive models for time to occurrence of 
levodopa related motor complications in Parkinson's disease 
So far only candidate gene association studies were reported on pharmacogenetics of AEs in 
PD. Several genes from the same pathway were rarely investigated in one study, let alone 
their simultaneous effects. In the last part of our study we wanted to evaluate the simultaneous 
effect of several clinical and genetic parameters on the time to occurrence of motor 
complications, namely MF and dyskinesia, after initiation of levodopa treatment. We 
constructed clinical and clinical-pharmacogenetic models for identification of patients at 
higher risk for earlier development of these AEs. These models could help us build clinically 
useful algorithms for personalization of PD treatment in the future.  
We included 16 clinical paramateres in the analysis. Besides some of the clinical data already 
used in our previous analyses, we also included lifestyle data, such as tobacco smoking, 
coffee and alcohol consumption; information on co-medication, such as NSAID, calcium 
channel blockers, beta-blockers, and statins. We added these parameters to the analysis due to 
their proved association with PD susceptibility (1). Based on that we speculated that they 
could also influence susceptibility to different AEs. In addition, we also included data on 
prodromal signs of PD, such as RBD, depression, constipation, and olfactory dysfunction. 
We included 34 genetic parameters in the analysis. Besides genetic parameters already 
included in our previous studies, we added genetic polymorphisms from pathways of neuron 
development, proliferation, and differentiation; as well as one gene from apoptosis pathway. 
We included four genes, namely BDNF, NOTCH4, NRG1, and BIRC5 that were already 
shown to be involved in PD pathogenesis either by functional or genetic association studies. 
For the statistical analysis we used Cox regression for the univariate analysis and LASSO 
penalized Cox regression for the model construction. We used LASSO penalized regression 
method because it is specifically used for the situations where we want to avoid overfitting 
due to large amount of variables included in the modelling process or due to collinearity. This 
is a strict variable selection method. It enables construction of models that are easier to 
interpret. The penalization parameter λ shrinks the estimates of regression coefficients of each 
variable towards zero relative to the maximum likelihood estimates. If the estimated 
regression coefficient is not shrunk to zero, the variable is considered significant and is thus 
retained in the model (66). With reduction of the number of variables error is introduced into 
the model. The tuning parameter λ controls the trade-off between error and complexity of the 
model. This parameter prevents fitting the noise to the pattern to avoid overfitting. If 
predictors are correlated, LASSO method always selects only one variable based on statistical 
calculations. We evaluated the predictive capacity of the constructed models with AUC of the 
ROC curves. Furthermore, we also did the cross-validation in the process of λ selection and 
also in the process of ROC curve construction. In the process of cross-validation the study 
group is randomly divided into two groups, training set and validation set. The model 
constructed on the training set is then tested on the validation set. The λ that formed the model 
that performed best on the validation set was selected as a tuning parameter. Only one 
clinical-pharmacogenetic model was published so far in the field of PD pharmacogenetics 
(63). However, to the best of our knowledge we were the first to use penalized methods for 
construction of the models. 
In the first part of the analysis we did the univariate Cox regression for all 50 variables. 
Several clinical and genetic parameters were statistically and nominally statistically 
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associated with the time to occurrence of motor complications. In the univariate analysis the 
following variables were associated with the time to occurrence of MF: age at diagnosis, time 
from diagnosis to initiation of levodopa treatment, NOS1 rs2293054, DRD2 rs1799732, and 
DRD3 rs6280. On the other hand, the following variables were associated with time to 
occurrence of dyskinesia: age at diagnosis, beta-blockers, time from diagnosis to initiation of 
levodopa treatment, CAT rs1001179, SOD2 rs4880, SLC22A1 rs628031, DRD2 rs1799732, 
and NRG1 rs3735781. Age at diagnosis was expected to be inversely associated with the time 
to occurrence of both motor complications, because patients diagnosed at younger age had 
higher odds for development of motor complications. However, time from diagnosis to 
initiation of levodopa treatment was correlated with time to occurrence of both motor 
complications in an unexpected manner. The longer was the time to initiation of levodopa the 
higher was the risk for earlier motor complication development, which is not with agreement 
with the levodopa sparing strategy. However, several studies have shown that with disease 
and neurodegeneration progression also the risk for motor complications increases (138). We 
also observed that beta-blockers prolonged time to development of dyskinesia. It was already 
reported that propranolol harbours anti-dyskinesic characteristics as it attenuates the 
levodopa-induced extraphysiological efflux of dopamine (139). Several genetic factors were 
associated with the time to motor complications development as well. NOS1 genetic 
variability was already associated with PD risk and was already investigated in terms of 
association with motor complications (39, 124). Furthermore, DRD2 rs1799732 and DRD3 
rs6280 were already associated with dyskinesia but not with MF (62). CAT rs1001179 and 
SOD2 rs4880 were already associated with certain non-motor AEs in our study cohort (87). 
SLC22A1 rs628031 was already associated with dyskinesia in the logistic regression part of 
the analysis (87). Furthermore, NRG1 rs3735781 might be associated with dyskinesia via its 
protective effect against neuroinflammation (45). 
The clinical-pharmacogenetic model for MF included age at diagnosis and time from 
diagnosis to initiation of levodopa treatment as clinical variables and COMT rs165815, DRD3 
rs6280, and BIRC5 rs9904341 as genetic variables. Besides the two clinical parameters 
included in the clinical-pharmacogenetic model tobacco smoking was also included in the 
clinical model. The COMT rs165815 has already been shown to protect against visual 
hallucinations in our study cohort (16). The same effect of the DRD3 rs6280 was already 
detected in the univariate analysis. Elevated expression due to the BIRC5 rs9904341 could 
protect against apoptosis and thus also against early development of MF (140). As expected, 
tobacco smoking was associated with lower risk for earlier development of motor fluctuations 
as it is also protective against PD development (1). 
The clinical-pharmacogenetic model for dyskinesia included sex, age at diagnosis, tremor-
predominant PD, beta-blockers, alcohol consumption, time from diagnosis to initiation of 
levodopa treatment, CAT rs1001179, SOD2 rs4880, NOS1 rs2293054, COMT rs165815, and 
SLC22A1 rs628031. The clinical model included the same clinical parameters as the clinical-
pharmacogenetic model. Females had higher risk for earlier development of dyskinesia, which 
was in concordance with the previous studies (59). The explanation for this could be the 
higher levodopa plasma concentrations due to higher dosage per kg body weight ratio in 
female patients (141, 142). Furthemore, tremor-predominant type of PD protected patients 
against early development of dyskinesia, which is in concordance with several already 
published studies (59, 142, 143). The reason for this may lie in the fact that slightly different 
morphologic lesion patterns are present in different types of PD (142). Alcohol consumption 
protects against early dyskinesia development according to our results, which is in 
concordance with previously published reports stating that alcohol consumption protects 
against PD development (1). Furthermore, one study conducted in Italian population also 
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observed a non-significant trend towards an association between wine drinking and lower 
dyskinesia development (142). The NOS1 rs2293054 might decrease protein production and 
might thus protect against early dyskinesia development (72). Furthermore, COMT rs165815 
has never been associated with dyskinesia, however it has been associated with lower odds for 
development of visual hallucinations in our study cohort. Nevertheless, COMT rs4680 already 
showed association with this AE (16, 62). Other clinical and genetic parameters were already 
detected in the univariate analysis. 
To check the clinical usefulness of the models, we have evaluated their predictive capacities 
with the AUC of the ROC curves. Due to overfitting of the data to the model we did the cross-
validation of the predictive capacity parameters. Although the apparent AUCs looked pretty 
good, all of them being above 0.70, the cross-validation dropped them down to 0.70 and 
below, which is not enough to be clinically used.  
First, we did the evaluation of predictive capacity over the ten year prognostic time. We 
reported apparent and cross-validated tAUCs over these ten years. We observed no clinically 
important differences in predictive abilities between clinical and clinical-pharmacogenetic 
models. After that, we constructed ROC curves after five years of treatment with levodopa as 
approximately 40 to 60% of patients experience motor complications after this period of 
treatment (62). There were no clinically important differences between clinical and clinical-
pharmacogenetic models for prediction of time to occurrence of MF in cross-validated 
specificities (81.9% vs. 82.3%, respectively), sensitivities (48.4% vs. 52.5%, respectively), 
and AUCs (0.68 vs. 0.70, respectively). This indicates that selected genetic factors did not 
contribute to better prediction. The cross-validated AUCs of the clinical and clinical-
pharmacogenetic models for prediction of time to development of dyskinesia did not differ as 
well (0.71 vs. 0.68, respectively). However, the specificities (48.4% vs. 66.1%, respectively) 
and sensitivities (79.8% vs. 54.2%, respectively) differed rather a lot. This might indicate that 
genetic factors do contribute to prediction capacity of the models. The positive predictive 
value of the clinical-pharmacogenetic model (57.1%) improved over the clinical model 
(32.1%). The probability of the actual AE development in the case of a positive result is thus 
higher in the clinical-pharmacogenetic model. 
To facilitate future development of clinically useful algorithms we calculated the thresholds 
for identification of patients at higher risk for phenotype in question as well. In the majority of 
cases the constructed model correctly identified patients at higher risk, which means they 
were true positives. 
The predictive capacities of the models could be improved by inclusion of more genetic 
factors. Serotonergic pathway is important in dyskinesia development. As dopaminergic 
neurons degenerate serotonergic neurons take over the production of dopamine from levodopa 
and its release to the synaptic cleft in a larger manner. Presinaptic serotonergic neurons do not 
present the dopamine receptors on the membrane for negative feedback loop to stop the 
release of dopamine, which leads to development of dyskinesia as more and more dopamine is 
released (144). Inclusion of genetic factors from the serotonergic pathway might be 
beneficial, based on the explained role of serotonergic pathway in the development of 
dyskinesia. Furthermore, synaptic plasticity biomarkers could improve predictive capacity of 
the models as abberant synaptic plasticity might lead to dyskinesia development (145, 146). 
Furthermore, additional epigenetic and clinical factors could also improve the constructed 
models.  
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We only included clinical parameters that are known at the initiation of treatment with 
levodopa to enable development of clinical algorithms for informed drug prescribing. 
However, the dose of the drugs and duration of treatment with levodopa are also important in 
the development of motor complications and should be somehow adjusted for in the analysis 
(59). Furthermore, the body mass index was already recognized as important in occurrence of 
motor complications and it might be beneficial to include this data in the model (61).  
Constructed clinical-pharmacogenetic models did not show clinically useful predictive 
capacities after the cross-validation, which calls for improvements. Additional genetic, 
epigenetic, and clinical parameters could be included in the model in the future. 
5.6 Distinctive features of our study 
Several strengths of our study can be pointed out. All of the patients were recruited in a 
geographic area with genetically uniform population (147, 148), which means that we did our 
best to avoid genetic heterogeneity. All of the patients were recruited from the same 
department as well, which means that they were treated according to the same protocol. This 
assures us that AEs did not occur in a different manner due to different treatment regimens. 
Furthermore, the treatment guidelines did not change during the recruitment period. Collected 
clinical parameters and their observed effects on the occurrence of AEs were in concordance 
with expectations according to the literature, which shows that our study cohort is 
representative of the general population of PD patients. Additionally, our study was designed 
according to a pathway-based approach. This enabled a comprehensive evaluation of genetic 
variability of the whole pathway on the occurrence of AEs. Moreover, the pathway-based 
approach also enabled evaluation of a simultaneous effect of many genetic variants on the 
occurrence and/or time to occurrence of AEs. We used penalized regression methods in the 
model construction part, which allows inclusion of many covariates even when the number of 
cases is rather small. This method also allows inclusion of correlated variables. With the 
cross-validation we prevented overfitting of the model to the data and avoided over-optimistic 
results, which could cause disappointment when testing the models on independent 
populations. 
There are several limitations to our study as well. The study group is of moderate size, 
although it is comparable to group sizes of similar PD pharmacogenetic studies. Contributions 
of individual factors are usually small and thus difficult to detect in a smaller population. 
However, a larger study cohort would be obtainable only by using less stringent inclusion 
criteria and could thus introduce phenotypic heterogeneity into the analysis. Another 
limitation was that all of the AEs were analyzed as categorical variables. If we had data on the 
severity or types of the AEs, when possible and/or available, the associations could be 
investigated more in depth. Furthermore, if the study was prospective, we could maybe 
observe subtler relations between treatment and AEs. In the model construction part a longer 
follow-up period would increase the quality of clinical data, especially the data on the 
outcomes in question. Our results and constructed models should be validated on an 
independent sample to gain a chance of implementation into the everyday clinical practice in 
the future. 
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5.7 Contribution to the field 
To the best of our knowledge, this was the first study that so comprehensively evaluated the 
effect of genetic variability of the dopaminergic pathway on the occurrence of eight main AEs 
of dopaminergic treatment. Furthermore, this was the first study to investigate possible 
associations between pathways of neuroinflammation; oxidative stress; neuron development, 
proliferation, and differentiation; and apoptosis, and the occurrence of AEs of dopaminergic 
treatment. This was also the first study to evaluate the simultaneous effect of genetic and 
clinical variables on the time to occurrence of motor complications after intiation of levodopa 
treatment. 
Our study revealed new insights into the pathogenesis of different AEs of dopaminergic 
treatment. We have confirmed that genetic defects in dopaminergic pathway are among the 
most important in the development of the investigated AEs. We have also shown that several 
non-motor AEs harbour a genetic component related to oxidative stress pathways. 
Furthermore, orthostatic hypotension as an AE of dopaminergic treatment might occur also 
due to genetic defects in the neuroinflammation pathway. We have observed that certain 
genes involved in neurodevelopment and apoptosis pathways also contribute to development 
of motor complications. Based on that we can confidently say that genetic association studies 
can reveal the new etiopathogenetic routes to development of certain AEs. However, the 
findings must be confirmed with functional studies on animal models and with additional 
association studies on independent populations. 
With this study we have contributed to identification of potential biomarkers of AEs of 
dopaminergic treatment of PD. The most promising biomarkers of the reported study and also 
reported for the first time by this study are: COMT rs165815 for prediction of visual 
hallucinations; SLC22A1 rs628031 for prediction of several different AEs of the dopaminergic 
treatment; and CAT rs1001179 for prediction of peripheral oedema. We have also constructed 
clinical and clinical-pharmacogenetic models for prediction of time to occurrenence of motor 
complications after initiation of levodopa treatment, which could potentially be used in a 
clinical setting in the future. Within these models we identified additional genetic biomarkers 
that have never been reported and warrant further research. These kinds of biomarkers could 
help physicians to identify patients at higher risk for development of a certain AE. With 
tailoring the treatment in high risk patients the AEs occurrence would hopefully decrease. If 
the treatment adjustment would not be possible, the physician and the patient would at least 
be more alert for AEs occurrence and would act sooner.  
Finally, our goal in the future is to enable stratification of PD patients according to their 
underlying molecular defects. With this study we made the first step toward accomplishing 
this task. With identification of subgroups of patients with genetic defects in distinct cellular 
pathways, such as neuroinflammation or oxidative stress, we could tailor the treatment 
strategy based on this new information for each group individually. Using such approach the 
treatment would be more specific and targeted towards core pathogenetic processes in each 
individual patient. 
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6 CONCLUSIONS 
With this study we have shown that genetic variability of the investigated pathways influences 
the occurrence and time to occurrence of AEs of dopaminergic treatment in PD. 
With our study we have confirmed the following hypotheses: 
 SNPs (COMT rs165815, DRD3 rs6280, DDC rs921451, DDC rs3837091, SLC22A1 
rs628031) of the dopaminergic pathway influence the occurrence of several motor 
(dyskinesia) and non-motor (orthostatic hypotension, visual hallucinations, peripheral 
oedema, ICDs) AEs of dopaminergic treatment in PD. 
 IL1β rs1143623 from the neuroinflammation pathway shows a trend towards an 
association with the occurrence of orthostatic hypotension as an AE of dopaminergic 
treatment in PD. 
 SNPs (NOS1 rs2682826, CAT rs1001179, SOD2 rs4880) from genes from the 
oxidative stress pathway influence the occurrence of several non-motor AEs (EDS and 
sleep attacks, nausea/vomiting, peripheral oedema, ICDs) of dopaminergic treatment 
in PD. 
 Clinical-pharmacogenetic models may enable a simultaneous evaluation of the 
influence of clinical and genetic factors on the time to occurrence of MF and 
dyskinesia due to levodopa treatment in PD. 
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ZAKLJUČKI 
Z rezultati te študije smo pokazali, da genetska variabilnost preučevanih poti vpliva na pojav 
in čas do pojava neželenih učinkov dopaminergičnega zdravljenja PB. 
Z našo študijo smo potrdili naslednje hipoteze: 
 Polimorfizmi posameznih nukleotidov v genih dopaminergične poti (COMT rs165815, 
DRD3 rs6280, DDC rs921451, DDC rs3837091, SLC22A1 rs628031) vplivajo na 
pojav različnih motoričnih (diskinezije) in nemotoričnih (ortostatska hipotenzija, vidne 
halucinacije, periferni edemi, motnja kontrole impulzov) neželenih učinkov 
dopaminergičnega zdravljenja PB. 
 Polimorfizem vnetne poti IL1β rs1143623 nakazuje povezanost s pojavom ortostatske 
hipotenzije kot neželenega učinka dopaminergičnega zdravljenja PB. 
 Polimorfizmi posameznih nukleotidov v genih iz poti oksidativnega stresa (NOS1 
rs2682826, CAT rs1001179, SOD2 rs4880) vplivajo na pojav različnih nemotoričnih 
neželenih učinkov (prekomerna dnevna zaspanost in napadi spanja, slabost/bruhanje, 
periferni edemi, motnja kontrole impulzov) dopaminergičnega zdravljenja PB. 
 Klinično-farmakogenetski modeli omogočajo obravnavo sočasnih vplivov kliničnih in 
genetskih dejavnikov na čas do pojava motoričnih nihanj in diskinezij zaradi 
zdravljenja PB z levodopo. 
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